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EPIDEMIOLOGY

Incidence and geographical variability

Gastric carcinoma (GC) is the fourth most common malignancy worldwide 
(934,000 new cases per year in 2002), and remains the second cause of death 
(700,000 deaths annually) of all malignancies worldwide [1, 2]. Th e disease be-
comes symptomatic when it has reached an advanced stage. Five-year survival 
rate is moderately good only in Japan. In European countries survival rates vary 
from approximately 10 to 30% [1, 3]. Th e high survival rate in Japan is possibly 
due to early diagnosis especially by endoscopic examinations where early tu-
mor resection leads to fi ve year survival rates of approximately 90% [4].

Th e incidence shows wide geographical variation. More then 50% of the 
new cases occur in developing countries. Th ere is a 15-20-fold variation in risk 
between the highest and the lowest risk populations. Th e high-risk areas are: 
East Asia (China, Japan), Eastern Europe, Central and South America. Th e low 
risk areas are: Southern Asia, North and East Africa, North America, Australia 
and New Zealand [1].

Trends

Steady declines in gastric cancer incidence rates have been observed world-
wide in the last few decades [1]. Th is trend is particularly observed in sporadic 
intestinal-types of gastric cancer and especially in the younger age group [5] 
and may be explained by increased standards of hygiene, improved food con-
servation, a high intake of fresh fruits and vegetables and also by Helicobacter 
pylori eradication [6].

RISK FACTORS

Gastric cancer results from a combination of environmental factors and 
an accumulation of specifi c genetic alterations.

Diet

Dietary factors have an important impact on gastric carcinogenesis, espe-
cially for intestinal types of adenocarcinoma. Th e evidence from studies sug-
gest that the risk of GC increases with a high intake of salt-preserved food, high 
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cured meat consumption and this could be decreased with an intake of fresh 
fruits and vegetables [7-11], due to their antioxidant eff ect [12, 13].

Smoking

Many studies have confi rmed that tobacco smoking increases the risk for 
stomach cancer, and also meta-analysis of these studies established the in-
creased risk for both cardia and non-cardia gastric cancers [14-16]. It has been 
shown that the risk of GC is increased by 60% in male and 20% in female smok-
ers compared to non-smokers. Th e risk of GC is lower in former smokers com-
pared to occasional smokers. In addition, smokers with higher consumption of 
cigarettes (more then 20 cigarettes per day) are at higher risk of GC [14, 17].

Alcohol

Alcohol consumption has been considered to be a cause of gastric cancer 
[17-19]. Additionally an association between alcohol drinking and risk of gas-
tric cardia cancer was reported [20, 21].

Socioeconomic status and occupation

Gastric cancer has been found to be inversely related to socioeconomic sta-
tus. A high socioeconomic position is associated with a reduced risk of gas-
tric cancer [22, 23]. Th is association is strongly associated with reduction of 
cardia and particularly of intestinal-type of gastric cancers [23]. Occupational 
exposures reported to increase the risk of gastric cancer include dusts, nitro-
gen oxides, N-nitroso compounds and radiation [24]. Also certain occupations 
such as coal mining, fi shing, machine operators, nurses, cooks, launderers, dry 
cleaners agriculture have an excess risk of gastric cancer [25-27].

Helicobacter pylori

Marshal and Warren discovered Helicobacter pylori (H. pylori) and its as-
sociation with gastritis in 1982 [28]. Next in 1994 H. pylori was classifi ed as 
a class I carcinogen by the International Agency for Research on Cancer [29]. 
Additionally, other studies showed that H. pylori is the main environmental 
factor causing gastric cancer [30, 31]. H. pylori infection has been shown to 
range from approximately 60% in the general population to approximately 84% 
in patients with gastric cancer [31]. Gastric cancer patients younger than 40 
years also showed an association between gastric cancer and H. pylori infec-
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tion [32-34]. H. pylori is involved in both intestinal and diff use-types of gastric 
cancer, the latter being more common in early onset gastric cancer (EOGC) 
[32]. Although H. pylori has been identifi ed as a major cause of gastrointesti-
nal diseases only a few infected patients develop a disease such as peptic ulcer 
(10%-15%) or gastric cancer (1%-3%) [35].

Epstein-Barr virus

Epstein-Barr virus (EBV) is a human herpes virus for which a causal role 
in gastric carcinogenesis has been suggested [36, 37]. Th e association between 
EBV and carcinogenesis varies from 4% in China, 7,7% in France, 8,1% in Rus-
sia, 12,5% in Poland to 17,9% in Germany [38-41]. EBV in carcinoma biopsies 
indicates that the tumor is formed by the proliferation of a single infected cell 
[41]. In addition EBV infection is a late event in gastric carcinogenesis [42].

Interestingly EBV is seen more oft en in carcinomas in post surgical gastric 
remnant (27%) than in the intact stomach [43]. In gastric stump cancer, there is 
an inverse relationship between positivity for EBV and positive immunohisto-
chemistry for p53. LOH of the TP53 locus on the long arm of chromosome 17 
is less frequently observed in EBV positive stump carcinomas [44]. It is known 
that the EBV encodes for the EBNA-5 protein which connects to 53 and the 
retinoblastoma protein and it is conceivable that this may lead to an accelerated 
degradation of these proteins [45].

Family history

Clustering of gastric cancer within families has been reported for centu-
ries. Several studies showed a signifi cant association between a family history 
of gastric cancer and an increased risk of developing gastric cancer [46, 47]. 
Th e Napoleon Bonaparte’s family is the world-famous example of a dominantly 
inherited predisposition to gastric cancer [48]. In 1998, truncating mutations 
of CDH1 were described in the germline of three New Zealand Maori families 
predisposed to diff use GC [47]. In general, the risk for developing GC is calcu-
lated to be 1.5 to 3 fold increased in individuals with a family history of gastric 
cancer [46, 49].

Less common risk factors

Obesity is a risk factor for gastric cardia carcinomas [50]. Less common 
risk factors include pernicious anemia [51], blood type A [52]. Gastrectomy is 
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also a risk factor for gastric cancer, long aft er the initial surgery has taken place 
[53, 54].

CLASIFICATION OF GASTRIC CANCER

Pathological classifi cation

Gastric cancer can be classifi ed according to the WHO guidelines (aden-
ocarcinoma, signet ring-cell carcinoma and undiff erentiated carcinoma) but 
the Lauren-classifi cation [55] which divides the gastric cancers into two ma-
jor subtypes, intestinal type and diff use type, is now predominantly used. Th e 
Lauren classifi cation refl ected microscopic and macroscopic diff erences [55]. 
Intestinal carcinomas are characterized by recognizable glands and cohesion 
between tumor cells. Whereas diff use carcinomas consist of poorly cohesive 
cells diff usely infi ltrating the gastric wall with little or no gland formation. Th e 
cells usually appear round and small, oft en with signet cell morphology. It has 
been postulated  that intestinal type gastric cancers are associated with chronic 
atrophic gastritis and intestinal metaplasia, whereas diff use type gastric can-
cers are originated from normal gastric mucosa. Th e intestinal type is the most 
common and accounting for approximately 50% of cases, diff use type is found 
in 35% and the remaining 15% is of mixed type [56]. Th e two types of Lau-
ren classifi cation are of clinical importance in decision-making about the best 
treatment option. Th e intestinal type occurs more oft en in high risk areas. It is 
oft en preceded by a long-standing precancerous lesion and is observed more 
oft en in the distal stomach. Th e diff use type prevails among young patients. 
Probably the contribution of genetic factors to their causation may be more 
important [57, 58].

Conventional gastric cancer

Th e majority of gastric cancer occurs sporadically and aff ects mainly people 
over the age of 45 (See Figure 1). Th ese carcinomas are termed “conventional 
gastric cancers”. In conventional gastric cancer environmental factors play a 
more important role, compared to early onset gastric cancer where it is pos-
tulated that genetic factors may be more important [57]. Most patients are be-
tween 60 and 80 years old at diagnosis and males are two times more aff ected 
than females, particularly in high risk countries [59]. According to the multi 
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step model of gastric cancer, aft er the development of chronic gastritis, atro-
phy, intestinal metaplasia and dysplasia will develop, followed by gastric cancer 
[60].

Early onset gastric cancer

Early onset gastric cancer (EOGC) is defi ned as gastric cancer presenting 
before the age of 45. Around 10% of gastric cancers fall in to this category [61, 
62] (See Figure 1). It is postulated that genetic factors may be more important 
in these patients [57]. Gastric carcinomas in young patients (<45 years old) 
are oft en multifocal [63, 64]. Th ey are more frequently of the diff use type [62, 
65] and are more frequently observed in female [66] probably because of hor-
monal factors [67]. Early onset gastric cancers are known to have a diff erent 
histopathological profi le then conventional gastric carcinomas. Molecular dif-
ferences exist between conventional gastric cancer and EOGC [68-72]. Apart 
from cases of hereditary gastric cancer, it remains unclear what predisposes the 
young patients to gastric cancer at such an early age.

Gastric stump cancer

Gastric stump carcinoma (GSC) following remote gastric surgery is widely 
recognized as a separate entity within the group of gastric cancers and is defi ned 
as carcinoma occurring in the gastric remnant at least 5 years aft er surgery for 
peptic ulcer disease [53, 73]. Th e proportion of GSC ranges from 1.1% to 7% of 
all gastric carcinomas [74-76] (See Figure 1). Male patients are more frequently 
aff ected by GSC than females [73, 77]. Partial gastrectomy for benign peptic 
ulcer disease is a well established premalignant condition [53, 54, 78-81]. More 
than 15 years postoperatively the risk of gastric cancer is increased 4-7 fold 
[54, 78, 82]. EBV infection is more prevalent in the gastric remnant than in 
the intact stomach [43], H. pylori is less frequent [83]. Additionally, EBV may 
interact with the TP53 gene [44]. Stump cancer is commonly preceded by well 
defi ned precursor lesions, mostly by dysplasia [84-86].

Hereditary gastric cancer

Although most cases of gastric cancer appear to occur sporadically, familial 
clustering is observed in 5%-10% of cases [46, 87]. Hereditary gastric cancer 
(HGC) is estimated to account for 1% - 3% of all gastric carcinomas [88] (See 
Figure 1). HGCs are a result of inherited gastric cancer predisposition syn-
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dromes, one of which is hereditary diff use gastric cancer, caused by germline 
mutations in the CDH1 gene, encoding E-cadherin. Th is autosomal dominant 
form of diff use poorly diff erentiated gastric cancer infi ltrates into the stomach 
wall causing thickening of the wall without forming a distinct mass.

MOLECULAR FACTORS INVOLVED IN GASTRIC 

CANCER

Apart from environmental factors gastric carcinogenesis requires genetic 
and epigenetic changes. Comparative genomic hybridization and loss of het-
erozygosity studies have shown areas that might be important in gastric carci-
nomas (Table 1).

In recent years, much progress has been made in elucidating the role of on-
cogenes and tumor suppressor genes that underly human gastric carcinogen-
esis. Th e specifi c molecular genetic alterations, which activate oncogenes and 
inactivate tumor suppressor genes can be caused by defective proteins that are 
involved in DNA repair. Th ese genetic alterations can eventually lead to growth 
deregulation of the gastric cells.

Conventional Gastric 
Cancer 80%

Gastric Stump 
Cancer 7%

Early Onset Gastric 
Cancer 10%

Hereditary Gastric 
Cancer 3%

Figure 1 

Causes of gastric cancer.
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An oncogene is a gene whose protein product is involved in cell prolifera-
tion leading to abnormal cellular growth, which may contribute to tumorigen-
esis. Th e normal counterparts of these genes, proto-oncogenes are expressed in 
normal cells and do not result in the development of malignancy. Activation of 
proto-oncogenes is commonly accomplished by amplifi cation, point mutation, 
or by fusion to other genes. Many of these genes encode growth factors, growth 
receptors or other signaling intermediates involved in cell growth.

Th e loss of genes involved in the regulation of growth inhibition, diff eren-
tiation, and apoptosis also contributes to carcinogenesis. A tumor suppressor 
gene (TSG) is a gene that normally regulates and controls cellular proliferation. 
In most cases both copies of a tumor suppressor gene need to be inactivated to 
abrogate its suppressive eff ects, whereas an activating mutation of one allele of 
an oncogene is suffi  cient for its carcinogenic activity. Point mutations, deletions 
or gene silencing by methylation can inactivate tumor suppressor genes.

A brief overview of the genes thought to be involved in gastric carcinogen-
esis and relevant for this thesis is listed below.

TP53 gene

Th e TP53 gene located at 17q13.1 encodes a nuclear protein, which is in-
volved in cell cycle control, DNA repair, cell diff erentiation and programmed 
cell death [97, 98]. Usually, the function of TP53 is altered by loss of heterozy-
gosity (LOH), mutations and rarely by DNA methylation. A missense mutation 
in one of the TP53 alleles coupled to deletion of the second allele can be found 
in 60% of gastric cancers. TP53 mutations have been found in advanced gas-

Table 1 
Important genomic regions in gastric cancer.

Commonly lost regions: Commonly amplifi ed regions:

1p32-33,
3p21-23,
4q,
5q14-22,
6q16,
9p21-24,
16q,
17p13,
18q11-21,
22q

1p36,
6p21,
7q31,
8p22-23,
8q23-24,
11q12-13,
16p,
17q12-21,
20p,
20q

[89-96]
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tric carcinomas, but were also found in lesions as early as intestinal metaplasia 
[99].

Cadherin (CDH1)

Th e CDH1 gene located at 16q22.1 encodes member of a super family of 
calcium-mediated membrane glycoproteins. It is known that E-cadherin, 
the epithelial member of the cadherin family, plays an important role in ad-
hesion, growth development and carcinogenesis. Reduction of expression and 
mutations of E-cadherin were found in infi ltrative and metastatic gastric can-
cers. Th erefore E-cadherin is also called an invasion suppressor gene. Multi-
ple mechanisms are responsible for the inactivation of E-cadherin in gastric 
cancer cells, such as gene mutation [100], promoter hypermethylation [101], 
post-translational truncation or modifi cation [102], degradation by matrix 
metalloproteinase [103] and transcriptional repressors [104]. Decreased or 
abnormal expression of E-cadherin has been found from 20% to 90% of gas-
tric cancers, preferentially in the diff use type [100]. Patients with decreased
E-cadherin expression in the tumor show a poorer prognosis [105].

CDKN2A

Th e CDKN2A gene is located at 9p21 and encodes the p16 protein, which 
is a cyclin-dependent kinase inhibitor. Th e p16 binds to CDK4 and CDK6 pre-
venting their association with cyclin D, which plays a role in controlling the 
G1-S transition [106]. Reduced expression of the cell cycle inhibitor p16 was 
described in the same proportion in intestinal and diff use gastric cancers in 
approximately 30% of gastric cancers [68]. It was reported that p16 correlates 
with depth of invasion and metastasis. Interestingly, EBV positive gastric can-
cers have been reported to be associated with CDKN2A promoter hypermeth-
ylation [107].

APC

Th e APC gene is located at chromosome 5q21-22. Mutations of the APC 
gene are involved in familial adenomatous polyposis (FAP) and have been de-
scribed in up to 50% of gastric carcinomas [108]. Th e APC gene encodes a 312 
kD protein, and participates as part of a complex in the Wnt/APC/ß-catenin 
signaling pathway that stimulates cell proliferation. Mutations in APC or ß-
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catenin result in large amounts of free ß-catenin which can activate the tran-
scription factor TCF-4 [109, 110].

p27

Th e p27 protein inhibits cyclin dependent kinase activity and is frequently 
reduced in gastric cancer especially in Helicobacter pylori infection. Th e p27 
reduction was reported in 50% of the gastric cancers. It was reported that p27 
reduction correlates with tumor stage and metastasis [111, 112].

Trefoil Factor Family 1

Th e TFF1 gene is located at chromosome 21q22.3. TFF1 is a member of 
the trefoil factor peptides which are involved in the repair and maintenance of 
mucosal integrity [113]. It was reported that TFF1 is reduced in gastric intesti-
nal metaplasia and gastric cancer in approximately 60% of the cases [114, 115]. 
Loss of TFF1 expression is the result of loss of alleles, promoter methylation or 
mutations [116, 117]. 

SMAD2, SMAD3, SMAD4

SMAD2, SMAD3, SMAD4 are located at chromosomes 18q21, 15q21-22 
and 18q21.1 respectively. Th e loss of the long arm of chromosome 18 is ob-
served in gastric carcinomas, and is linked to cancer progression and poor 
prognosis [118]. SMAD2, SMAD3 and SMAD4 are involved in the TGF-ß sig-
naling pathway [119]. TGF�ß is a growth factor involved in the regulation of 
growth of epithelial cells. Interestingly, SMAD4 germline mutations were found 
in FAP patients however, mutations of SMAD family genes are rare in gastric 
carcinomas [120].

Mismatch repair genes

Genes involved in the DNA mismatch repair process are MLH1, MSH2, 
MSH6, PMS1, PMS2. Defective DNA mismatch repair mechanisms are the re-
sult of mutational inactivation or, more frequently, promoter hypermethylation 
and leads to genetic instability. Defects in these genes have been described in 
approximately 35% of gastric cancers of intestinal or diff use type [121-124].
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Cyclin E

Cyclin E is a cell cycle regulator. It is amplifi ed and over-expressed in 20% 
of gastric carcinomas. Gene amplifi cation or over-expression of Cyclin E is as-
sociated with aggressiveness and metastasis [125, 126].

Cyclooxygenase

Cyclooxygenase (COX) enzymes catalyze the rate limiting step in the con-
version of arachidonic acid into prostanoids (including prostaglandins, pros-
tacyclin and thromboxanes), which are biologically active metabolites of ara-
chidonic acid [127]. Of the two major isoforms of COX enzymes, COX-1 is 
constitutively expressed in normal tissues, and COX-2 is an inducible enzyme 
that appears rapidly in pathological states, such as gastric infl ammation and 
gastric tumors [127]. Expression of COX-2 is elevated in gastric adenocarci-
nomas as compared to the non-neoplastic mucosa [128] and is predominantly 
expressed in intestinal-type gastric carcinomas and its precursor lesions [129, 
130]. COX-2 over-expression has been reported to be associated with an inhi-
bition of apoptosis [131], an increased metastatic potential [132] and neoan-
giogenesis [133]. Exposure to cigarette smoking, acidic conditions or H. pylori  
infection can induce COX-2 expression [134, 135].

PREVENTION OF GASTRIC CANCER

Despite declining trends worldwide, prevention of gastric cancer should re-
main a high priority. In addition to secondary prevention approaches, which 
rely on screening for early detection, primary prevention has focused on nutri-
tional interventions, anti-Helicobacter pylori therapies and chemoprevention.

Diet

Having a high intake of fresh fruits and vegetables may be associated with 
a decreased risk of stomach cancer. Studies have suggested that eating foods 
that contain ß-carotene and vitamin C may decrease the risk of stomach cancer, 
especially if intake of micronutrients is inadequate [7, 8, 11, 136].
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Eradication of Helicobacter pylori

Many studies and also meta-analysis of these studies have confi rmed an as-
sociation between H. pylori infection and noncardia gastric cancer [137-139]. 
Th e strong link between H. pylori infection and gastric cancer presents an op-
portunity to actively intervene [29].

Th e Maastricht III Guidelines recommend treatment of the infection in 
peptic ulcer disease, mucosa associated lymphoid tissue lymphomas, atrophic 
gastritis, post-resection of gastric cancer, fi rst degree relatives of gastric cancer 
patients and in response to patients’ wishes, unexplained iron defi ciency anae-
mia, idiopathic thrombocytopenia purpura, and patients requiring long term 
NSAIDs [140]. Th e fi rst-line eradication treatment of H. pylori relies on pro-
ton pomp inhibitors and combination of two antibiotics such as amoxicillin, 
clarithromycin or metronidazole. If the fi rst therapy fails, then the second–line 
treatment recommends bismuth salts, proton pomp inhibitor, tetracycline and 
metronidazole [140, 141].

Non-steroidal anti-infl ammatory drugs

Aspirin and non-steroidal anti-infl ammatory drug (NSAID) users show 
a reduced risk of gastric cancer development in epidemiologic studies [142, 
143]. On the other hand, the unwanted eff ects to be recognized clinically aft er 
using especially non-selective NASAID may be bleeding, perforation or gastric 
outlet obstruction [144-147]. In the late 1990s, the introduction of the COX-2 
selective NSAIDs [148] opened a new point of view because of their high spe-
cifi city for the COX-2, but evidence of an increased risk of myocardial infrac-
tion began to emerge [149]. Th erefore these drugs would be used less oft en in 
individuals with a history of digestive complaints [150] additionally the therapy 
should not be stated unless it is essential [151].

Endoscopic screening and prevention

Endoscopy is the most sensitive and specifi c diagnostic method in patients 
suspected of gastric cancer [152, 153]. Mass screening for early detection of 
gastric cancer is cost-eff ective and is recommended in high incidence regions 
such as East Asia, where many of detected carcinomas are early gastric cancers 
[154]. Mass endoscopic screening is not recommended in low incidence re-
gions such as North America [155, 156].
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Additionally, endoscopic surveillance is recommended for high risk indi-
viduals (history of gastric cancer in family, familial adenomatous polyposis, Li-
Fraumeni syndrome, BRCA2 mutations, hereditary nonpolyposis colon cancer 
syndrome, Peutz-Jeghers syndrome and Mentenier’s disease, previous gastric 
surgery, gastric polyps) every 1 to 2 times per year [154, 157].

TREATMENT

Surgical treatment

Complete surgical resection with an accompanying lymphadenectomy is 
still the principal treatment for gastric cancer aimed at cure [58, 158-160]. En-
doscopic mucosal resection for treatment of early onset gastric cancer and for 
neoplastic lesions can provide the same eff ect as traditional surgical resection 
[161]. For well diff erentiated types of mucosal tumors surgical intervention 
is oft en successful [162]. Advanced gastric tumors with distant metastasis are 
usually incurable with the exception of those with solitary liver metastasis or 
peritoneal nodules. For non-curative gastric cancer patients palliative resection 
may be benefi cial in terms of survival [163, 164].

Adjuvant and neoadjuvant therapy

Th e high incidence of local recurrence and distant metastases aft er surgery 
has prompted interest in adjuvant therapy and neoadjuvant therapy [165, 166]. 
Both therapies may consist of chemotherapy, chemoradiotherapy, radiation or 
immunotherapy, either alone or in combination. Although studies of adjuvant 
and neoadjuvant therapy are not completely clear, the meta-analyses and sys-
tematic reviews showed a signifi cant advantage of adjuvant and neoadjuvant 
therapy in the treatment of gastric cancer [167-170]. Recent studies have shown 
a progression-free 5 years survival rate of 23% for surgical treatment alone, but 
up to 36% for neoadjuvant therapy combined with surgery [171].
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OUTLINE OF THE  THESIS 

Gastric cancer is a result from the combination of environmental factors 
and an accumulation of specifi c genetic alterations, and aff ects mainly the older 
population. It is known that genetic factors play a more important role in early 
onset gastric cancers than in conventional gastric cancer patients as they have 
experienced less exposure to environmental factors. It is postulated that EOGC 
is a key tool in the explanation of the role of genetic changes in gastric carcino-
genesis. Th e specifi c pathogenetic changes underlying gastric carcinogenesis 
remain largely unknown.

Th e aim of this thesis is to uncover genetic alterations relevant to gastric 
carcinogenesis and to elucidate the role of the genes and proteins involved in 
the progress of cancer in diff erent sub-types of gastric cancers. Additionally, we 
try to fi nd the best approach for early diagnostics of gastric stump cancers.

Gastric cancer is considered a multistep process and multifactor proc-
ess. An overview of the involved factors as well as important genes in gastric 
carcinogenesis is provided in chapters 1 and 2. In these chapters the back-
ground of gastric cancer is extensively discussed. Additionally in these chapters 
the concept of early onset gastric cancer is introduced together with the reason-
ing behind the study of this subtype of gastric cancer.

Chapter 3 focuses on a comparison between molecular alterations occur-
ring in primary gastric cancers, corresponding xenograft s and gastric carci-
noma cell lines.

Chapter 4 takes a step towards a better understanding of the progression 
of gastric carcinogenesis in early onset and conventional gastric cancers. Using 
Western blot, Q-PCR and sequencing analysis, we examined the correlation 
between two critical molecules in the development and progression of gastric 
cancer: COX-2 and E-cadherin. Th e relationship between these two molecules 
was examined in vitro in a panel of cell lines and in vivo using tissue microar-
rays.

In chapter 5 we examine the COX-2 -765 G/C promoter polymorphism in 
diff erent subtypes of gastric cancer. Real time PCR, sequencing analysis and 
immunohistochemical staining on tissue microarrays were used to fi nd diff er-
ences between EOGC, conventional gastric cancer and gastric stump cancer. 
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Chapter 6 takes a look into the IL-1B -31 T/C polymorphism distribution 
in EOGC, conventional and gastric stump cancers using the same techniques 
as described in chapter 5.

Chapter 7 reviews the literature on gastric stump cancer and its precursor 
lesions and focuses on the reliability of early diagnosis.

Finally, chapters 8 and 9 provide brief summaries and a discussion of 
the thesis (in English and in Dutch respectively).
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ABSTRACT
Gastric cancer is thought to result from a combination of environmental 

factors and the accumulation of specifi c genetic alterations due to increasing 
genetic instability, and consequently aff ects mainly older patients. Less than 
10% of patients present with the disease before 45 years of age (early onset 
gastric carcinoma) and these patients are believed to develop gastric carcino-
mas with a molecular genetic profi le diff ering from that of sporadic carcinomas 
occurring at a later age. In young patients, the role of genetics is presumably 
greater than in older patients, with less of an impact from environmental car-
cinogens. As a result, hereditary gastric cancers and early onset gastric cancers 
can provide vital information about molecular genetic pathways in sporadic 
cancers and may aid in the unraveling of gastric carcinogenesis.

Th is review focuses on the molecular genetics of gastric cancer and also 
focuses on early onset gastric cancers as well as familial gastric cancers such 
as hereditary diff use gastric cancer. An overview of the various pathways of 
importance in gastric cancer, as discovered through in-vitro, primary cancer 
and mouse model studies, is presented and the clinical importance of CDH1 
mutations is discussed.

BACKGROUND
Gastric cancer is the fourth most common  malignancy in the world and 

ranks second in terms of cancer-related death [104]. Eastern Asia, the Andean 
regions of South America and Eastern Europe have the highest incidence of 
gastric cancer whereas low rates are found in North America, Northern Europe 
and most countries in South eastern Asia. 

Several classifi cation systems have been proposed, but the most commonly 
used are those of the World Health Organization (WHO) and of Laurén who 
describes two main histological types, diff use and intestinal [65]. Intestinal 
adenocarcinoma predominates in the high-risk areas whereas the diff use ad-
enocarcinoma is more common in low-risk areas [43]. Although classifi cation 
varies between Japan and the West, attempts have been made recently to stand-
ardize the systems used [118]. Early gastric cancer is a term to describe carcino-
mas limited to the mucosa or to both the mucosa and submucosa, regardless of 
nodal status. Th e prevalence of this lesion is higher in countries such as Japan 
where a screening programme is carried out. 
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Gastric cancer is thought to result from a combination of environmental 
factors and the accumulation of generalized and specifi c genetic alterations, 
and consequently aff ects mainly older patients oft en aft er a long period of 
atrophic gastritis. Th e commonest cause of gastritis is infection by Helicobacter 
Pylori, which is the single most common cause of gastric cancer [34, 105] and 
has been classifi ed by the WHO as a class I carcinogen since 1994 [127]. Th e 
risk of infection varies with age, geographical location and ethnicity, but overall 
15-20% of infected patients develop gastric or duodenal ulcer disease and less 
than 1% will develop gastric adenocarcinoma [127].

Th e pattern of gastritis has also been shown to correlate strongly with 
the risk of gastric adenocarcinoma. Th e presence of antral-predominant gastri-
tis, the most common form, confers a higher risk of developing peptic ulcers; 
whereas corpus predominant gastritis and multifocal atrophic gastritis leads 
to a higher risk of developing gastric ulcers and subsequent gastric cancer [23, 
146]. Th e response to Helicobacter Pylori infection and the subsequent pattern 
of gastritis depends on the genotype of the patients and in particular a poly-
morphism in interleukin 1 beta, an infl ammatory mediator triggered by Helico-
bacter Pylori infection, is known to be of importance [28]. Multifocal atrophic 
gastritis is usually accompanied by intestinal metaplasia and leads to cancer 
via dysplasia, and thus intestinal metaplasia is considered a dependable mor-
phological marker for gastric cancer risk. Unlike intestinal gastric cancer, the 
diff use type typically develops following chronic infl ammation without passing 
through the intermediate steps of atrophic gastritis or intestinal metaplasia. 

Th e incidence of adenocarcinoma of the stomach is declining worldwide 
and this is mainly accounted for by the decline in the intestinal type. Th ere 
has also been a change in the anatomical distribution of this malignancy over 
recent decades, with a fall in the incidence of mid and distal gastric cancer and 
a progressive increase in adenocarcinoma of the proximal stomach and cardia. 
Th is fall in incidence may be explained by the decline in Helicobacter pylori 

infection and associated atrophic gastritis. Th e possibility that the increasing 
incidence of adenocarcinoma of the cardia may be due to nitrosative chemistry 
is discussed by McColl et al [82].

Th e exact mechanism underlying the malignant transformation of the gas-
tric mucosa following Helicobacter pylori infection still needs to be clarifi ed, 
but it is believed that the combination of a virulent organism, a permissive en-
vironment and a genetically susceptible host is necessary [31, 77]. Diff erent 
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strains of the bacteria vary in their carcinogenic potential, with those contain-
ing cag genes inducing a greater degree of infl ammation. Helicobacter pylori can 
also produce the vacuolating cytotoxin VacA responsible for epithelial damage 
which contributes to gastric carcinogenesis. Bacterial factors (motility, adhe-
sion, urease, cag pathogenicity), components of the host immune response 
(Toll-like receptors, adaptive immunity, IL1-B polymorphisms, MHCII), die-
tary co-factors such as high salt and decreased ascorbic acid, gastrin hormonal 
responses and decreased acid secretion are all thought to play a role in malig-
nant transformation of the gastric mucosa [126]. In addition, IL-8, heat shock 
proteins and proinfl ammatory cytokines, nitric oxide and oxidative stress have 
also been implicated in gastric carcinogenesis. All these factors interact to al-
ter host cell signaling, derange apoptotic and proliferative signaling and pro-
mote the  accumulation of genetic alterations leading ultimately to neoplasia 
as reviewed by Stoicov et al [126]. Interestingly, despite the importance of Heli-
cobacter pylori as an initiating factor in gastric carcinogenesis, the molecular 
pathology of Helicobacter pylori and non-Helicobacter pylori cancers cannot be 
easily separated, and it has been reported that Helicobacter pylori -related and 
non-related gastric cancers do not diff er with respect to chromosomal aberra-
tions [141].

Diet is also a known etiological factor in gastric carcinogenesis, especially 
for intestinal type adenocarcinoma. An adequate intake of fruit and vegetables 
appears to lower the risk with ascorbic acid, carotenoids, folates and tocophe-
rols acting as antioxidants [43]. Salt intake strongly associates with the risk of 
gastric carcinoma and its precursor lesions, and this risk is increased in certain 
genetically predisposed individuals [20]. Other foods associated with high risk 
in some populations, include smoked or cured meats and fi sh, pickled vegeta-
bles and chilli peppers [43]. Alcohol, tobacco and occupational exposure to 
nitrosamines and inorganic dusts have been studied in several populations, but 
the results have been inconsistent [43]. 

Epstein-Barr virus [68] which is observed in 7%–20% of gastric cancers and 
which occurs slightly more frequently in diff use-type gastric cancers, has also 
been implicated in gastric carcinogenesis [111]. In addition, it is known that 
a Bilroth II operation, which leaves a remnant or gastric stump, increases the 
risk of gastric carcinoma more than 15 years aft er surgery [94], possibly due to 
bile refl ux.
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Curative therapy of gastric cancer involves surgical resection (discussed in 
a review by Ushijima et al [140]), and most commonly takes the form of a 
total or subtotal gastrectomy, with an accompanying lymphadenectomy. How-
ever, substantial mortality associated with gastric cancer has prevailed despite 
technical advances in surgery and adjuvant therapy, and the overall 5-year sur-
vival rate in patients with resectable gastric cancer remains between 10% and 
30%. Furthermore, the lack of early pathognomic symptoms oft en delays the 
diagnosis and although endoscopy is widely regarded as the most sensitive and 
specifi c diagnostic test for gastric cancer, infi ltration of the gastric wall, cannot 
always be detected. Clinical features, diagnosis and treatment of gastric cancer 
are reviewed comprehensively by Dicken et al. [24].

Gastric cancer can be categorized into conventional gastric cancer, occur-
ring in patients older than 45, early-onset gastric cancer (EOGC), occurring 
under 45 years old and gastric cancer occurring as part of a hereditary syn-
drome. Th is review will fi rst deal with the molecular pathology of gastric can-
cer in the broad sense before focusing on the fi ndings specifi c to EOGC and 
hereditary gastric cancer and how they can be used to examine gastric cancer 
as a whole.

Molecular Pathology of Gastric Cancer

Tumorigenesis is considered a multistep process involving generalized and 
specifi c genetic alterations that drive the progressive transformation of cells 
into cancer. Central to this transformation are genetic or epigenetic changes 
in the genome which specifi cally activate oncogenes with a dominant gain of 
function, and produce alterations in tumor suppressor genes which cause loss 
of function. Hanahan and Weinberg [44] describe in a compelling review how 
virtually all mammalian cells carry a similar molecular machinery regulating 
their proliferation, diff erentiation, and death and suggest that there are six es-
sential alterations in cell physiology that collectively dictate malignant growth. 
Th ese comprise self-suffi  ciency in growth signals, insensitivity to growth-in-
hibitory (antigrowth) signals, evasion of programmed cell death (apoptosis), 
limitless replicative potential, sustained angiogenesis, and tissue invasion and 
metastasis. Th ey outline that each of these capacities acquired during tumor 
development represents the successful breaching of an anticancer defense 
mechanism hardwired into cells and tissues. In addition, they mention genetic 
instability as a precondition for tumorigenesis through disruption of key mol-
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ecules in order to “fast-forward” their carcinogenic potential. Th is framework 
described by Hanahan and Weinberg [44] can be applied to gastric cancer to 
highlight the important advances in molecular knowledge in the fi eld of gastric 
cancer through in-vitro, primary tumors and mouse model experiments. It is 
however important to bear in mind that in practice, many molecular functions 
can play a role in a number of these six critical processes, and certain molecules 
disrupted in cancer have wide-ranging functions. 

Self-suffi  ciency in growth signals and oncogenes

Th e dependence of tumors on communication from neighboring cells can 
be relinquished by the autonomous production of growth factors, which in 
turn results in the disruption of critical homeostatic mechanisms. In this man-
ner, alterations in growth factor receptors, integrins and downstream signaling 
pathways serve as oncogenes, driving the carcinogenic process. 

In gastric cancer there have been a number of oncogenes implicated. K-
sam, which belongs to the family of fi broblast growth factor receptors (FGFR) 
is frequently overexpressed in diff use-type gastric cancers due to gene ampli-
fi cation [45, 46]. Growth factors of the epidermal growth factor (EGF) family 
and their respective receptors including c-erbB2 oncogene are preferentially 
overexpressed in intestinal gastric cancers [101, 154]. In addition, the c-met 
proto-oncogene which is the receptor for the hepatocyte growth factor (HGF) 
is frequently overexpressed in gastric cancers of both diff use and intestinal type 
[45, 67].

Interestingly, many oncogenes which are key players in other epithelial can-
cers do not play a central role in gastric cancer. For example, Ras proteins are 
present in structurally altered oncogenic forms in about 25% of human tumors. 
Despite a mutant K-ras oncogene mouse model which showed pancreatic peri-
ductal lymphocytic infi ltration and gastric mucous neck cell hyperplasia [9], 
mutation of this oncogene occurs very rarely in gastric cancer. Similarly, the 
role of the Wnt pathway which is central to colorectal carcinogenesis, remains 
unclear in gastric cancer. Activating mutations of β-catenin have been described 
in gastric cancer [103] and immunohistochemical abnormalities are present in 
22-27% of gastric cancer [85, 149]; yet as outlined later, the importance of APC 
mutations in gastric cancer is not yet fully understood. Of note, the transcrip-
tion factor c-myc which is a transcriptional target of many pathways including 
the Wnt signalling pathway, functions as an oncogene in gastric cancer, with 
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overexpression causing impaired diff erentiation and promoting growth [62]. 
Overexpression of c-myc has been described in over 40% of gastric cancers 
[85].

Proliferation of the gastric mucosa is regulated by numerous diff erent mech-
anisms, one of which is endocrine regulation via the hormone gastrin. Helico-
bacter infection induces hypergastrinemia and this has been causally linked to 
increased proliferation and cancer. Infection in the insulin-gastrin transgenic 
mouse produces an early increase in acid secretion and over time progresses 
to atrophy, achlorhydria, hyperplasia of mucous cell compartment, metaplasia, 
dysplasia and invasive gastric cancer by 8 months of age [145]. Conversely, gas-
trin defi ciency has also been reported to cause gastric adenocarcinoma [157] 
In addition, Helicobacter pylori infection also alters gastric mucosal signaling 
through the CagA protein which interacts with several major growth-regulat-
ing signal transduction pathways including the Ras/MEK/ERK pathway [86] 
and the Src family of protein kinases [136].

Intestinal homeostasis is disrupted in tumor cells through numerous mech-
anisms. COX-2, one of the rate-limiting enzymes for prostaglandin synthesis 
from arachidonic acid, is frequently upregulated in gastric adenocarcinomas 
and its expression is thought to be a relatively early event in gastric carcino-
genesis [142]. In fact Helicobacter pylori infection has been reported to induce 
overexpression of COX-2 [35, 128]. Th e role of COX-2 in gastric carcinogen-
esis is reviewed by Saukkonen et al. [116]. Recently, the molecule C/EBP-β, a 
transcription factor for COX-2 [12], has been shown to play a role in gastric 
cancer [85, 112].

Intestinal homeostasis is maintained under normal circumstances by mol-
ecules such as mucin core proteins (MUC), the expression of which has been 
found to vary in the diff erent types of intestinal metaplasia [109]. In addition, 
due to the recent attention given to the activation and silencing of develop-
mental pathways in cancer initiation and progression, focus has been drawn 
to the Drosophila caudal-related homeobox transcription factors Cdx1 and 2 
which are important for early diff erentiation and maintenance of intestinal epi-
thelial cells. Notably, ectopically-expressed Cdx2 was found to induce gastric 
intestinal metaplasia in two separate mouse models [88, 122]. However, pro-
gression to dysplasia and cancer occurred in only one of these models and the 
neoplastic role of Cdx2 remains speculative. Interestingly, both Cdx1 and Cdx2 
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have been shown to be expressed in intestinal metaplasia and gastric carcino-
mas in the human stomach [4].

Insensitivity to growth-inhibitory signals

Cancer cells must evade antiproliferative signals if they are to survive, and 
the inactivation of tumor suppressor genes is a common event in gastric car-
cinogenesis. Th is can occur through mutations, deletions and epigenetic events. 
Methylation is an epigenetic process causing chromatin structure modulation, 
transcriptional repression and the suppression of transposable elements, and so 
is functionally equivalent to alterations such as mutations and deletions. How-
ever, a major diff erence is that epigenetic inactivation can be abrogated by DNA 
methylation inhibitors, and may be reversible. Hypermethylation in gastric 
cancer is extensively reviewed by Sato et al. [114]. A genome-wide scan for ab-
errant methylation revealed silencing of nine genes in gastric cancers [55] and 
even in non-cancerous gastric mucosa, aberrant methylation can be present 
[144]. Of note, nitric oxide has also been shown to induce methylation [50].

As outlined below, a vast array of tumor suppressor genes have been impli-
cated in gastric cancer including TP53, p16, APC, TGF-β and related molecules, 
TFF1, SOCS1, testin, FHIT and RUNX3. On the other hand, tumor suppressor 
genes such as PTEN, despite playing a vital role in many carcinomas, do not 
have an important role in gastric carcinogenesis [115].

Th e tumor suppressor gene TP53 encodes for a nuclear protein, which 
plays a key role in tumor progression by regulating DNA repair, cell division 
and apoptosis. Low apoptosis rate and high cell proliferation are thought to be 
important factors for gastric cancer development and inactivation of p53 may 
be central to gastric carcinogenesis. Mutation and/or LOH at the TP53 locus 
has been reported in approximately 30-40% of gastric cancers, but can also be 
found in intestinal metaplasia [10].

Th e important cell cycle regulator, p16 (transcribed from CDKN2A) is lost 
in many gastric cancers, particularly cardia tumors [85], and methylation has 
been shown to be of importance in the downregulation of this gene [121]. Ad-
ditionally, EBV-associated gastric cancers have been shown to be more fre-
quently associated with promoter methylation of CDKN2A [56].

Adenomatous polyposis coli (APC) is a tumor suppressor gene which is 
mutated in sporadic and familial colorectal tumors. Under normal circum-
stances, APC binds to β-catenin and induces its degradation. Mutations of 
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APC or β-catenin result in stabilization and accumulation of β-catenin, which 
can then translocate to the nucleus, where it acts as an oncoprotein, through 
transcription of target genes. Th is is a well-established mechanism in colorectal 
cancer, however less is known about the relative importance of this pathway in 
gastric cancer. Whereas some reports document relatively frequent occurrence 
of mutations [90, 91], others fi nd no mutations [63, 95]. Th e complexity is fur-
ther increased by a report fi nding an inverse relationship between APC gene 
mutation in gastric adenomas and the development of adenocarcinoma [66]. 
Interstingly, CDH1 and APC mutations have been reported to be synergistic in 
intestinal tumor initiation in mice [123] whereby double heterozygous animals 
showed a signifi cant 5-fold increase in gastric tumor numbers, compared with 
Apc1638N animals.

Another feature in gastric carcinogenesis is the loss of growth inhibition 
by transforming growth factor (TGF)-β due to mutation of the Type II TGF-β 
receptor [102], which leads to increased cell proliferation and reduced apopto-
sis. In addition, the cytoplasmic Smad4 protein, which transduces signals from 
ligand-activated TGF-β receptors to downstream targets, may be eliminated 
through mutation of its encoding gene. Loss of the locus encompassing SMAD4 
(18q21.1) and DCC (18q21.3) locus has been long known [138], but more re-
cently, haploid loss of this locus has been shown to initiate gastric polyposis 
and cancer in Smad4+/- mice [153]. Loss of the remaining Smad4 wild-type 
allele was detected only in later stages of tumor progression, suggesting that 
haplo-insuffi  ciency of Smad4 is suffi  cient for tumor initiation. Furthermore, 
bone morphogenetic protein (BMP)-2, a member of the BMP family belonging 
to the TGF-β superfamily has been shown to inhibit cell growth, and induced 
cell diff erentiation in normal and cancerous gastric cell lines [148]. Epigenetic 
silencing of the BMP2 through methylation in gastric carcinomas has recently 
been described and noted to occur more frequently in diff use type than intesti-
nal type gastric cancers [147].

Trefoil factor 1 (TFF1, also known as pS2) is synthesized and secreted by 
the normal stomach mucosa and by the gastrointestinal cells of injured tissues. 
Th e link between mouse Tff 1 inactivation and the fully penetrant antropyloric 
tumor phenotype [68] prompted the classifi cation of TFF1 as a gastric tumor 
suppressor gene. Accordingly, altered expression, deletion, and/or mutations of 
the TFF1 gene have been observed in human gastric carcinomas [16, 85]. Th e 
Tff 1 knock-out mice were subsequently shown to have overexpression of Cox-2 
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[117] and this inverse link between TFF1 and COX-2 has been confi rmed in 
other studies [85]. TFF1 expression is in part regulated by interleukin-6 (IL-6), 
but the downstream intracellular signaling mechanisms of the IL-6 family of 
cytokines are not well understood. Mouse models have been used in an attempt 
to elucidate the function of the signal transducers and activators of transcrip-
tion 1 and 3 (STAT1/3) and the Src-homology tyrosine phosphatase 2 (SHP2)-
Ras-ERK, which are the two major signaling pathways emanating from gp130, 
the IL-6 family co-receptor in the gastrointestinal tract [131]. Gp130(757F) 
mice, with a ‘knock-in’ mutation abrogating SHP2-Ras-ERK signaling, devel-
oped gastric adenomas by three months of age. In contrast, mice harboring 
the reciprocal mutation ablating STAT1/3 signaling, or defi cient in IL-6-medi-
ated gp130 signaling showed impaired colonic mucosal wound healing. Th ese 
gastrointestinal phenotypes are highly similar to the phenotypes exhibited by 
mice defi cient in trefoil factor 1 (pS2/TFF1) and intestinal trefoil factor (ITF)/
TFF3 respectively. In further studies, mice lacking the SHP2 binding site on 
the gp130 were found to develop invasive gastric cancer by 30 weeks of age 
[54], highlighting the need for balanced IL-6 signaling in maintaining gastric 
homeostasis. More recently, a gp130 mutant mouse model with exaggerated 
Stat3 activation [53] was found to share histological features of gastric polyps 
in ageing mice with monoallelic null mutations in Smad4 and the investigators 
suggest a novel link for cross-talk between STAT and SMAD signaling in gas-
tric homeostasis. Downstream, the phosphorylated STAT protein translocates 
into the nucleus with subsequent activation of target genes. One of the STAT-
activated genes, suppressor of cytokine signalling-1 (SOCS-1), is thought to be 
an important tumor suppressor gene in gastric cancer and can be inactivated 
though hypermethylation [100, 134].

Since 1996, FHIT, a fragile locus exhibiting susceptibility to carcinogen-in-
duced alterations, has been implicated in gastric carcinogenesis [96]. Th e con-
sequent absence or reduction of FHIT protein expression is consistent with the 
proposal that the FHIT gene is a preferential target for environmental carcino-
gens and this may also account for the geographical diff erences found in FHIT 
aberrations [6]. More recent data showed that FHIT knock-out mice [36] de-
velop tumors in the lymphoid tissue, liver, uterus, testis, fore-stomach and small 
intestine, together with structural abnormalities in the small intestinal mucosa 
suggesting that FHIT  plays important roles in systemic tumor suppression and 
in the integrity of mucosal structure of the intestines. In another recent knock-

Sitarz book.indb   35Sitarz book.indb   35 2009-09-14   09:05:002009-09-14   09:05:00



Chapter 2 Early onset gastric cancer: on the road to unravelling gastric carcinogenesis

3636

out mouse model a tumor suppressor function for Testin was proposed [25] 
and it was suggested that TES may be a one-hit TS gene, as is FHIT [156].

RUNX3 is another gene which has been hotly debated regarding its possible 
tumor suppressor function in gastric carcinogenesis. Th e debate arises due to 
the confl icting mouse models reported in the literature [70, 72] which are dis-
cussed by Levanon et al. [71]. More recently, it has been found that RUNX3 can 
be overexpressed in gastric tumors and that copy numbers of the RUNX3 locus 
are seldom reduced in gastric cancer [17].

Finally, insensitivity to growth-inhibitory signals can also be facilitated by 
Helicobacter pylori infection and it has been found that Helicobacter pylori de-
creases levels of the cyclin-dependent kinase inhibitor p27(kip1) in gastric epi-
thelial cell [27], which results in a decrease in apoptotic response to infection 
[26]. In addition, a recent mouse model lacking p27kip1 demonstrated that 
loss of p27 and Helicobacter pylori colonization cooperate to produce gastric 
cancer [64].

Apoptosis

Acquired resistance toward apoptosis is a hallmark of most and perhaps 
all types of cancer [44]. Many of the signals that elicit apoptosis converge on 
the mitochondria, which respond to proapoptotic signals by releasing cyto-
chrome C, a potent catalyst of apoptosis. Members of the Bcl-2 family of pro-
teins, which are either proapoptotic (Bax, Bak, Bid, Bim) or antiapoptotic (Bcl-
2, Bcl-XL, Bcl-W) govern mitochondrial death signaling through cytochrome 
C release and some of these proteins have been implicated in gastric cancer 
[61]. In addition, p53 can elicit apoptosis by upregulating expression of proap-
optotic Bax in response to DNA damage. In fact, mutation of p53 results in the 
removal of a key component of the DNA damage sensor which can induce the 
apoptotic cascade. Th e ultimate eff ectors of apoptosis include an array of intra-
cellular proteases termed caspases. Two “gatekeeper” caspases, −8 and −9, are 
activated by death receptors such as FAS or by the cytochrome C released from 
mitochondria respectively, and the Fas Ag pathway of apoptosis is recognized 
as the leading cause of tissue destruction during Helicobacter pylori infection. 
Early in infection, Fas antigen-mediated apoptosis depletes parietal and chief 
cell populations, leading to architectural distortion. As infection progresses, 
metaplastic and dysplastic glands appear, which are resistant to Fas-mediated 
apoptosis. Fas antigen-defi cient (lpr) mice infected with helicobacter, develop 
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gastric cancer as early as 7 months aft er infection [11]. Nitric oxide, while usu-
ally discussed in the context of DNA damage and mutagenesis, can also directly 
infl uence mitochondrial pathways of apoptosis [80] and also potentially plays 
a role in multiple levels of cell signal transduction during Helicobacter pylori 

infection. Furthermore, bacterial factors may also directly induce apoptosis 
[38].

Limitless replicative potential and telomeres 

Growth signal autonomy, insensitivity to antigrowth signals, and resistance 
to apoptosis all lead to an uncoupling of a cell’s growth program from signals in 
its environment [44]. Evolving premalignant cell populations also acquire un-
limited replicative potential during tumor progression, and this is oft en through 
telomere maintenance. Telomeres are located at the ends of chromosomes and 
are responsible for the maintenance of chromosomal integrity. During cell divi-
sion, these telomeres become shortened. However, in transformed cells, short-
ening of the telomeres is inhibited by reactivation of telomerases, preventing 
these cells from undergoing physiological senescence. Telomere maintenance is 
evident in virtually all types of malignant cells usually via upregulating expres-
sion of the telomerase enzyme resulting in unlimited multiplication of cells. 
Th ere is a vast array of molecules involved in telomere maintenance and in 
gastric cancer expression of Protection of Telomeres-1 (POT1) is associated 
with telomere length and correlates with tumor stage [59].

Angiogenesis

In order to facilitate an increase in size, tumors need to develop angiogenic 
ability. Th is is achieved by signalling through integrins and adhesion molecules 
on endothelial cells as well as through cell–matrix and cell–cell contacts. A 
large number of angiogenic factors have been identifi ed in human malignancy, 
and gastric cancer is no exception. Th ese include vascular endothelial growth 
factor (VEGF), (possibly induced via Helicobacter Pylori) [137], basic fi broblast 
growth factor (bFGF) and IL-8 [57], which are derived from tumor cells and 
participate mainly in neovascularisation within gastric cancer tissue. In addi-
tion, extracellular proteases receive signals from proangiogenic integrins, and 
help dictate the invasive capability of angiogenic endothelial cells. Th e ability to 
induce and sustain angiogenesis seems to be acquired in discrete steps during 
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tumor development, via an “angiogenic switch.” Tumors appear to activate this 
switch by changing the balance of angiogenesis inducers and inhibitors.

Tissue Invasion and Metastases

Tumor metastases are the cause of 90% of human cancer deaths. Successful 
invasion and metastasis requires all the attributes which are needed for initial 
carcinogenesis, combined with alterations in proteins involved in the tethering 
of cells to their surroundings in a tissue. Th e most widely observed alteration 
in cell-to-environment interactions in cancer involves E-cadherin, a homotypic 
cell-to-cell interaction molecule ubiquitously expressed on epithelial cells and 
playing a central role in gastric cancer (as discussed in detail under hereditary 
gastric cancer). Invading and metastasizing cancer cells travel through a range 
of tissue microenvironments to which they adapt by producing a changing 
spectrum of integrin α or β subunits on their cell surfaces. Th e activation of ex-
tracellular proteases and the altered binding specifi cities of cadherins, CAMs, 
and integrins are central to the acquisition of invasiveness and metastatic abil-
ity and MMP2 has been shown to be of particular importance in gastric can-
cer [87]. Th rough comparison of gastric cancer SAGE libraries, 54 candidate 
GC-specifi c genes have been identifi ed including melanoma inhibitory activity 
(MIA) and matrix metalloproteinase-10 (MMP-10), which is important in me-
tastasis and correlated with poor prognosis [5].

Genomic instability

Under normal circumstances, the occurrence of mutations is prevented by 
the maintenance of genomic integrity by an array of DNA-monitoring and re-
pair enzymes and karyotypic order is guaranteed by checkpoints that operate 
at critical times in the cell’s life. Yet cancers occur relatively frequently in the 
human population, causing some to argue that the genomes of tumor cells must 
acquire increased mutability in order for the process of tumor progression to 
reach completion in several decades time. Derangement of specifi c components 
of the genomic “caretaker” systems has been used as an explanation and the loss 
of function of these key players is believed to result in genome instability and 
the generation of mutant cells with selective advantages [44].

A variable number of numerical or structural genetic aberrations have been 
reported in gastric cancer cells, including those involving changes in chromo-
somes and DNA copy number, but the signifi cance of these changes and the 
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underlying genetic changes are unknown. Loss of Heterozygosity studies and 
comparative genetic hybridization (CGH) analyses has identifi ed several loci 
with signifi cant allelic loss, indicating possible tumor suppressor genes impor-
tant in gastric carcinoma. Common targets of loss or gain include chromo-
somal regions 1q, 3p, 4, 5q, 6q, 9p, 17p, 18q and 20q [15, 29, 113, 138, 155]. It 
has been shown that diff erent histopathologic features can be associated with 
distinct patterns of gains and losses, supporting the notion that gastric tumors 
evolve through distinct genetic pathways [150]. Persistent infl ammation caused 
by Helicobacter pylori is also known to cause genetic instability through the gen-
eration of mutagenic substances such as reactive oxygen species [7] and reac-
tive nitrogen species [35] which may act to directly damage the host cell DNA. 
Helicobacter pylori has also been implicated in limiting the defense against such 
insult by decreasing the antioxidant properties of the gastric mucosa [124]. 
Such a direct gastric mutagenic through oxidative DNA damage in H. pylori 
infection, has been shown in transgenic mouse models [135].

Genetic instability at the level of microsatellite instability (MSI) occurs in 
many sporadic human tumors and the relation between microsatellite instabil-
ity and gastric carcinoma has received considerable attention. Th is is due to 
the discovery that MSI may be found in sporadic carcinomas that are charac-
teristic of hereditary nonpolyposis colorectal cancer (HNPCC) [106], a syn-
drome where germline mutations of the mismatch repair genes are present. 
Th e levels of MSI found in gastric carcinomas from both Western and Eastern 
populations is probably in the region of up to 15% [49]. Wu et al. demonstrated 
that the subset of sporadic gastric cancer with high frequency MSI (MSI-H) 
showed a distinct clinicopathologic and genetic profi le from those with a low 
frequency (MSI-L) or microsatellite stable (MSS) genotype [151]. However, 
whereas the role of microsatellite instability and DNA mismatch repair gene 
defects in HNPCC is unquestionable and well established, the relevance of this 
phenomenon in gastric cancer is far from clear and currently has limited clini-
cal value [49]. Somatic mutations of mismatch repair (MMR) genes such as 
hMLH1 or hMSH2 are extremely rare in sporadic gastric cancers, with only one 
mutation found, in hMSH2 [152]. However, MSI positive tumors can still lack 
hMLH1 protein expression and many studies suggest that hypermethylation of 
the hMLH1 promoter region may be the principal mechanism of gene inacti-
vation in sporadic gastric carcinomas with a high frequency of MSI [33, 69]. 
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Th e role of microsatellite instability in gastric carcinoma is comprehensively 
reviewed by Hayden et al. [49].

As is evident from the preceding text, multiple genetic and epigenetic al-
terations in oncogenes, tumor-supressor genes, cell-cycle regulators, cell-ad-
hesion molecules, DNA repair genes and genetic instability as well as telom-
erase activation are implicated in human stomach cancer. However, particular 
combinations of these alterations diff er in the two histological types of gastric 
cancer [150]. Th e diff use phenotype in gastric cancer (hereditary and sporadic) 

is related to reduced E-cadherin expression [78] and loss of E-cadherin is prob-
ably the fundamental defect in diff use type gastric carcinoma, providing an ex-
planation for the observed morphological phenotype of discohesive cells with 
loss of polarity and gland architecture. Recent fi ndings with E-Cadherin, C/
EBP-β, TFF1 and COX-2 expression emphasize the fact that diff use and intesti-
nal cancers diff er at a molecular level [85]. However, the onset of carcinogensis 
is strongly associated with Helicobacter pylori infection as reviewed by Nardone 
et al [92] and indeed there is close correlation between diff use GC and Helico-
bacter pylori infection, similar to that found with intestinal type cancer [30]. 
Studies have also shown decreased E-Cadherin expression in the gastric mu-
cosa of infected individuals [132]. Th erefore, even if the intestinal and diff use 
type GCs are characterized by a diff erent genetic pathway, they depend upon 
the same triggering factor.

In addition to the wealth of research looking at specifi c genes of interest 
in gastric cancer, gene expression array data has also revealed a vast amount 
of information on gastric cancer. However, putting these pieces together into 
a chronological narrative remains daunting, and  a recent approach involving 
a meta-analysis of previous expression array data hints at how complicated 
the “gastrome” can be [3]. Th ere is by no means a clear-cut pattern of muta-
tions in gastric cancers, and the genetic research can oft en be hampered by 
the diversity of changes that are induced by Helicobacter pylori infection, diet, 
ageing and other environmental factors. Tumors are unquestionably riddled 
with genetic changes yet we are faced with an unsolvable puzzle with respect 
to a temporal relationship. In order to solve this problem, one approach is to 
investigate tumors that are less infl uenced by these environmental factors. Gas-
tric cancers occurring in young patients, known as early-onset gastric cancers, 
provide an ideal background on which to try and uncover the initiating stages 
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in gastric carcinogenesis. In addition hereditary cancers can oft en illuminate 
discrete mutations that can initiate the pathway of gastric carcinogenesis.

Hereditary Cancer and E-Cadherin 

Th e existence of a familial form of gastric cancer has been known since 
the 1800s when multiple cases of gastric cancer were noted in the Bonaparte 
family [125]. Approximately 1–3% of gastric cancers arise as a result of inher-
ited gastric cancer predisposition syndromes, one of which is hereditary dif-
fuse gastric cancer, caused by a germline mutation in the CDH1 gene, encod-
ing E-Cadherin. Gastric cancer in its hereditary form can also be caused by 
germline mutations of the TP53 tumor suppressor gene which occurs in the 
Li-Fraumeni syndrome [99]. In addition, BRCA2 gene mutations are associ-
ated with familial aggregations of not only breast but also of stomach, ovarian, 
pancreatic, and prostate cancers [1, 52]. A proportion of hereditary nonpoly-
posis colorectal cancer (HNPCC) kindreds (the so-called Lynch II families) are 
associated with a high frequency of extracolonic carcinomas, most commonly 
aff ecting the endometrium and stomach [76] and these are known to harbor 
microsatellite instability [2]. In addition, gastric cancer occurs infrequently in 
polyposis syndromes such as familial adenomatomous polyposis (FAP) [93] 
and Peutz-Jegers syndrome [39, 74]. Th e American Society for Gastrointesti-
nal Endoscopy recommends endoscopic surveillance for high-risk individuals 
(history of gastric adenoma, FAP, HNPCC, Peutz-Jeghers syndrome, and Men-
etrier’s disease) every 1 to 2 years. Approximately 30% -40% of all hereditary 
diff use gastric cancer (HDGC) families carry CDH1 germline mutations [98]. 
Th e other 60%-70% of HDGC remain genetically unexplained and are prob-
ably caused by alterations in other genes. It has been suggested there may be 
a need for p53 mutation screening in families with hereditary gastric cancer 
lacking CDH1 germline mutations [97]. No evidence has been found for a role 
of germline mutations in SMAD4 and Caspase-10 in these families [97]. 

E-cadherin is a member of the cadherin family of homophilic cell adhesion 

proteins that are central to the processes of development, cell diff erentiation, 
and maintenance of epithelial architecture [41]. It is the predominant cadherin 
family member expressed in epithelial tissue and is localised at the adherens 
junctions on the basolateral surface of the cell. Mutations in CDH1 were ini-
tially identifi ed in 1998 in three Maori families from New Zealand that were 
predisposed to diff use gastric cancer [42]. Since then, similar mutations have 
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been described in more than 40 additional HDGC families of diverse ethnic 
backgrounds [98]. Preliminary data from these families suggest that the pen-
etrance of CDH1 gene mutations is high, ranging between 70% and 80% [107]. 
In order to qualify for a diagnosis of HDGC, the following criteria must be 
met [13]: two or more documented cases of diff use gastric cancer in fi rst or 
second degree relatives, with at least one diagnosed before the age of 50 years; 
or three or more cases of documented diff use gastric cancer in fi rst or second 
degree relatives, independent of age of onset. Death from gastric cancer in these 
families has occurred in individuals as young as 14 years and the majority of af-
fected persons die aged less than 40 years. Th ere also appears to be an increased 
frequency of cancers occurring at other sites such as the breast, colorectum, 

and prostate in these mutation carriers [107]. However, inclusion of associated 
cancers into the defi nition of HDGC is not yet recommended [13].

Abnormalities of CDH1

CDH1 is a tumor suppressor gene and loss or inactivation of the remain-
ing normal allele is a required initiating event in susceptible individuals with 
a germline mutation. Analysis of all reported genetic abnormalities in CDH1 
found in HDGC reveals that the majority are inactivating mutations (splice 
site, frameshift , and nonsense) rather than missense mutations.  Furthermore, 
CDH1 germline mutations are evenly distributed along the E-cadherin gene, in 
contrast with the clustering in exons 7–9 observed in sporadic diff use gastric 
cancer [8]. Loss of heterozygosity as the “second hit” does not appear to be fre-
quent in HDGC. Instead, hypermethylation of the CDH1 promoter is likely to 
be a common cause of down-regulation or inactivation of the second CDH1 al-
lele in HDGC tumor [40]. Th e verdict has not yet been reached concerning the 
possible carcinogenic role of coexistent infection with Helicobacter pylori on 
a CDH1 mutated background, and it remains possible that Helicobacter pylori 
infection as well as dietary and other environmental infl uences may modify the 
disease risk in these susceptible individuals [83].

CLINICAL MANAGEMENT
Th ere remains some uncertainty  about clinical management and disease 

outcome aft er genetic testing for CDH1 mutations, and the psychosocial bur-
den it poses on family members is well recognized [13]. Once a CDH1 muta-
tion has been identifi ed in an asymptomatic individual, they are presented with 
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the options of endoscopic surveillance or prophylactic gastrectomy. Th e aim 
of surveillance is of course to identify an early curable lesion but the value of 
endoscopy is unproven due to the diffi  culty of detecting intramucosal lesions 
[32]. Some reports have found an antral predominance of HDGC [19] whereas 
other reports show no antral predominance in HDGC and alarmingly, have 
calculated the likelihood of detecting HDGC from fi ve random biopsies at be-
tween 1-50% [14]. Current clinical recommendations for surveillance, propose 
a 30 minute endoscopy every six months by an endoscopist experienced in the 
diagnosis of early gastric cancer [32]. In an eff ort to improve the diagnostic 
yield of surveillance endoscopy in the upper gastrointestinal tract, techniques 
such as chromoendoscopy are advised [120]. In addition, all patients having 
surveillance should be entered into a research protocol comparing diff erent en-
doscopic methods [32]. Obviously there is a great need for the development of 
molecular markers in the serum or in gastric brushing in order to overcome the 
sampling bias inherent in current random biopsy sampling methods.

Prophylactic gastrectomy is clearly a huge undertaking and not without sig-
nifi cant psychological and clinical eff ects on the patient. To date, it has been 
demonstrated that prophylactically resected stomachs from diff erent families 
all carried multifocal signet ring cancer [21, 51]. Importantly, surveillance us-
ing endoscopy (with chromoendoscopy in some cases) and multiple mucosal 
biopsies failed to identify intramucosal carcinoma in all of the published cases 
surveyed. Th us, the estimated risk reduction of gastric cancer by gastrectomy 
is signifi cant. However, it also follows that since there is an estimated 70% pen-
etrance, a universal policy of prophylactic gastrectomy would result in 30% of 
HDGC mutation carriers receiving an unnecessary operation. On the other 
hand, it is not known whether such lesions are present in all individuals with 
CDH1 mutations, and whether all pathologic changes would develop into clini-
cally signifi cant lesions [107]. Th e age at which genetic testing should be per-
formed is not yet clear from the current evidence, as at least fi ve subjects have 
been reported to have developed this lethal cancer before the age of 18 years. 
However, since the implications of the diagnosis are far reaching, some believe 
that genetic screening should be reserved until the patient is able to give in-
formed consent [32].
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MODEL OF DEVELOPMENT OF HDGC
In situ carcinoma lesions have been identifi ed in gastrectomy specimens 

from patients with CDH1 mutation [14, 51] whereby foveolae and glands with 
intact basement membrane are totally or partially lined by signet ring cells. 
Some in situ lesions are restricted to the neck zones (Figure 1 B and C). On the 
basis of the fi ndings of these studies, a model for the development of diff use gas-
tric cancer in E-cadherin mutation carriers was proposed, as depicted in Figure 
1, and encompassing the following lesions: in situ signet-ring cell carcinoma (B 
and C), pagetoid spread of signet-ring cells below the preserved epithelium of 
glands/foveolae (C – “early” pagetoid spread and D – “overt” pagetoid spread), 
and  invasive carcinoma (E – early invasive intramucosal signet-ring cell car-
cinoma). Th e discrepancy between the numerous invasive carcinoma foci and 
the low number of in situ carcinoma lesions suggests that invasion of the lamina 
propria by signet ring cells may occur without a morphologically detectable in 
situ carcinoma. HDGC develops in the setting of background changes of gas-
tric mucosa encompassing mild chronic gastritis, foveolar hyperplasia (Figure 
1A), tuft ing, globoid change and vacuolization of superfi cial epithelim [14].

Th e gastric mucosa in CDH1 germline mutation carriers is normal until 
the second CDH1 allele is inactivated. It is postulated that this downregulation 
occurs in multiple cells in the gastric mucosa, accounting for the multifocal 
tumor lesions which develop and [14] environmental and physiological fac-
tors such as diet, carcinogen exposure, ulceration and gastritis are suggested 
to promote this downregulation event. Th e tumor then expands slowly until 
additional genetic events, probably in combination with an altered micro-
environment, lead to clonal expansion and tumor progression. Interestingly, 
because the second hit does not involve somatic, irreversible, mutation of the 
second CDH1 allele, but rather more frequently occurs via methylation [40], it 
is plausible that the early stage lesions may be reversible. Identifi cation of pa-
tients with germline CDH1 mutations paves the way for studies to increase our 
understanding of the mechanisms by which these mutations ultimately lead to 
sporadic cancer as well as HDGC. Th e genetic changes occurring aft er the in-
activation of CDH1 remain to be elucidated.

EARLY ONSET GASTRIC CANCER 
Gastric cancer is rare below the age of 30; thereaft er it increases rapidly and 

steadily to reach the highest rates in the oldest age groups, both in males and 
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females. Th e intestinal type rises faster with age than the diff use type and is 
more frequent in males than in females. Early onset gastric cancer (EOGC) is 
defi ned as gastric cancer presenting at the age of 45 or younger. Approximately 
10% of gastric cancer patients fall into the EOGC category [58], although rates 
vary between 2.7% [139] and 15% [108] depending on the population studied. 
Young patients more frequently develop diff use lesions which oft en arise on 
the background of histologically “normal” gastric mucosa. It is postulated that 
genetic factors may be more important in EOGC than in older patients as they 
have less exposure to environmental carcinogens [22], thus these cancer could 
provide a key tool in the unraveling the genetic changes in gastric carcinogen-
esis. Helicobacter pylori may still play a role in the development of gastric can-
cer in young patients [60, 110], although this is likely to involve a much smaller 
percentage of patients than in the older age group.

 Approximately 10% of young gastric cancer patients have a positive 
family history [58], some of which are accounted for by inherited gastric can-
cer predisposition syndromes, and as discussed under hereditary gastric can-
cer, the underlying genetic events are not always known but can involve CDH1 
germline mutations [129, 130]. Th e 90% without a family history emphasizes 
that the occurrence of gastric cancer in young patients remains largely unex-
plained.

Th e clinicopathological features of gastric carcinoma are said to diff er 
between the young and elderly patients  and it has been claimed that young 
patients have a poorer prognosis [133]. Others report that tumor staging and 
prognosis for young patients is similar to older patients and depends on wheth-
er the patients undergo a curative resection [58, 84, 108]. Young patients with 
gastric cancer in the United States are more likely to be black, Asian or Hispan-
ic [81]. Relative to older patients, young patients have a female preponderance, 
a more frequent occurrence of diff use cancer and less intestinal metaplasia [58, 
73, 81]. Th is predominance of females is considered by some to be due to hor-
monal factors [79]. Cancers in young patients are more oft en multifocal than in 
older patients [37] as is also seen in HDGC [14].

Th us early onset gastric cancers are known to have a diff erent clinicopatho-
logical profi le than conventional gastric carcinomas. Th is suggests that they 
represent a separate entity within gastric carcinogenesis and indeed evidence 
at a molecular genetic level supports this (Table 1). It is known that micros-
atellite instability which usually occurs at a frequency of 15% in older gastric 
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Figure 1 

Proposed model for the development of diff use gastric cancer in E-cadherin mutation carriers:  
background changes of gastric mucosa encompassing mild chronic gastritis and foveolar 
hyperplasia (A); in-situ signet-ring cell carcinoma (foveolae and glands with intact basement 
membrane totally or partially lined by signet ring cells) (B and C); “early”(C) and overt (D) page-
toid spread of signet-ring cells below the preserved epithelium of glands/foveolae; early inva-
sive intramucosal signet-ring cell carcinoma (E).

Table 1 

Characterisitics of EOGC Reference

more common in females  138,148
diff use type cancer more common  138,148
often multifocal  151
no intestinal metaplasia  138,148
lack of MSI  149,152,153
infrequent Loss of heterozygosity  153
Low COX2 expression  31
infrequent loss of TFF1 expression  31
no loss of RUNX3  82
gains at chromosomes 17q, 19q and 20q  157
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carcinomas is consistently absent in young patients [18, 48, 73] and this is de-
spite analysis of distal tumors (where MSI is usually commoner) and inclusion 
of mixed and intestinal type tumors (diff use tumors generally have less MSI) 
[119]. However, it may be possible that geographical factors play a role [47]. A 
lack of microsatellite instability excludes the mutator phenotype as an impor-
tant predisposing factor in the development of early-onset gastric cancer. Th is 
contrasts with the situation in colorectal cancer where 58% of patients without 
HNPCC aged under 35 years showed evidence of microsatellite instability [75]. 
EOGC also contrasts with colorectal cancer with respect to the tumor suppres-
sor gene APC which causes the familial adenomatosis polyposis syndrome. 
Th e role of APC in EOGC is limited and nuclear expression of β-catenin has not 
been found to diff er between EOGC and conventional gastric cancers [85].

Th e molecular expression profi le of EOGC and conventional gastric cancers 
have been found to diff er and EOGC have a COX-2 Low, TFF-1 expressing phe-
notype [85]. A higher incidence of aberrant E-Cadherin expression in EOGC 
regardless of histological type [73] has also been reported, although a more re-
cent report which compared EOGC with conventional cancers showed that ab-
errant expression of E-Cadherin correlated signifi cantly with diff use type [85]. 
Th e expression of low molecular weight isoforms of cyclin E are also known 
to diff er between EOGC and conventional cancers, being present in 35% of 
EOGCs, compared to in 8% of conventional gastric cancers and 4% of stump 
cancers. In addition, immunohistochemical staining of low molecular weight 
isoforms of cyclin E were found to be an independent positive prognostic indi-
cator in early-onset gastric cancer (unpublished data).

Recent literature regarding RUNX3 has excluded it as having a tumor sup-
pressor function in EOGC [17], although as some of the cell lines used in this 
study were from conventional gastric cancers, the implications may be more 
far-reaching and include conventional gastric cancer. Gains at chromosomes 
17q, 19q and 20q have been found in EOGC with comparative genomic hy-
bridization [143] and LOH fi ndings have also shown that losses are infrequent 
in EOGC [18].

As we can see, EOGCs diff er from conventional gastric cancers, not only at 
a clinicopathological level, but also at a molecular genetic level. If this is indeed 
due to the fact that the environment plays a smaller role in the triggering of 
the carcinogenic pathway, the investigation of this group of cancers may reveal 
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genetic changes which assist in the task of putting forward a multistep pathway 
for gastric cancer.

FUTURE PROSPECTIVES
In summary, observations of human cancers and animal models implicate 

numerous genetic changes in gastric cancer. However, the multistep pathway of 
carcinogenesis which occurs in some epithelial cancers and which has allowed 
accurate clinical and pathologic characterization is not yet elucidated in gastric 
cancer. Gastric cancer exhibits heterogeneity in histopathology and molecular 
changes that have impeded the uncovering of a temporal molecular pathway. 
Gastric cancers oft en occur without any consistent mutational abnormality and 
with a considerable variation in pathogenesis ranging from a stepwise progres-
sion of changes (gastritis -> metaplasia ->dysplasia -> invasive carcinoma) to 
tumors arising in the absence of a precursor lesion.

Further study of hereditary gastric cancers and early onset gastric cancer 
as unique subsets of gastric cancer may aid us in the search for a gastric can-
cer pathway. Th e rarity of hereditary gastric cancer oft en hampers research in 
this fi eld. On the other hand, early-onset gastric cancers, although relatively 
scarce, provide an ample number of cancers if they can be collected at a na-
tionwide level. Recent developments of techniques adapted to paraffi  n material 
will maximize the number of cancers available for research and the use of SNP 
Chips, expression arrays, kinase arrays and other new technologies, combined 
with EOGC material may set us well on the road to unraveling gastric carcino-
genesis.

ABBREVIATIONS
World Health Organisation (WHO), early-onset gastric cancer (EOGC), 

fi broblast growth factor receptors (FGFR), epidermal growth factor (EGF), 
hepatocyte growth factor (HGF),  Adenomatous polyposis coli (APC), trans-
forming growth factor (TGF), bone morphogenetic protein (BMP), Trefoil fac-
tor 1 (TFF1), signal transducers and activators of transcription (STAT), Src-
homology tyrosine phosphatase 2 (SHP2), suppressor of cytokine signalling-1 
(SOCS-1), Protection of Telomeres-1 (POT1), vascular endothelial growth fac-
tor (VEGF), basic fi broblast growth factor (bFGF), melanoma inhibitory ac-
tivity (MIA), matrix metalloproteinase-10 (MMP-10), microsatellite instability 
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(MSI), hereditary nonpolyposis colorectal cancer (HNPCC), familial adeno-
matous polyposis (FAP), hereditary diff use gastric cancer (HDGC). 
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ABSTRACT
We report the molecular characterization of eight primary gastric carci-

nomas, corresponding xenograft s, and two novel gastric carcinoma cell lines. 
We compared the tumors and cell lines, with respect to histology, immunohis-
tochemistry, copy number and hypermethylation of up to 38 genes using MS-
MLPA, and TP53 and CDH1 mutation analysis where relevant. Th e primary 
tumors and xenograft s were histologically comparable and shared expression 
of 11/14 immunohistochemical markers (E-Cadherin, β-catenin, COX-2, p53, 
p16, TFF1, cyclin E, MLH1, SMAD4, p27, KLK3, CASR, CHFR and DAPK1). 
Gains of CASR, DAPK1 and KLK3 – not yet described in gastric cancer - were 
present in the primary tumors, xenograft s and cell lines. Th e most prominent 
losses occurred at CDKN2A (p16), CDKN2B (p15), CDKN1B (p27/KIP1) and 
ATM. Except for ATM, these losses were found only in the cell line or xenograft , 
suggesting an association with tumor progression. However, examination of 
p16 and p27 in 174 gastric cancers using tissue microarrays revealed no sig-
nifi cant correlation with tumor stage or lymph node status. Further losses and 
hypermethylation were detected for MLH1, CHFR, RASSF1 and ESR, and were 
also seen in primary tumors. Loss of CHFR expression correlated signifi cantly 
with the diff use phenotype. Interestingly, we found the highest rate of methyla-
tion in primary tumors which gave rise to cell lines. In addition, both cell lines 
harbored mutations in CDH1, encoding E-cadherin.

Xenograft s and gastric cancer cell lines remain an invaluable research tool 
in the uncovering of the multistep progression of cancer. Th e frequent gains, 
losses and hypermethylation reported in this study indicate that the involved 
genes or chromosomal regions may be relevant to gastric carcinogenesis. 

INTRODUCTION
Gastric cancer is the fourth most common malignancy in the world and 

ranks second in terms of cancer-related death [23]. Several classifi cation sys-
tems have been proposed, but the most commonly used are those of the World 
Health Organization (WHO) and of Laurén who describes two main histologi-
cal types, diff use and intestinal [19]. Gastric cancer is thought to result from 
a combination of environmental factors and the accumulation of genetic altera-
tions, and consequently aff ects mainly older patients oft en aft er a long period 
of atrophic gastritis. Th e most common cause of gastritis is infection by Helico-
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bacter Pylori, which is the single most relevant environmental factor in gastric 
cancer [24].

Research to date has not revealed a specifi c pathway for gastric cancer, al-
though numerous molecules have been implicated and the need for research 
in this fi eld is undoubted. Many research techniques require intact DNA, and 
the search for molecular mechanisms involved in gastric carcinogenesis would 
be facilitated if a panel of cell lines representing diff erent tumor phenotypes 
of gastric carcinoma could be developed. Few diff use gastric cell lines are de-
scribed in literature and due to the inherent diffi  culties of making cell lines 
from primary gastric tumors, most are established from metastatic deposits 
[14] or ascites fl uid [7, 36]. Another approach is to transplant and serially pas-
sage primary tumors in nude mice [10]. In addition to facilitating the creation 
of cell lines, xenograft  tissue itself can be an invaluable research aid as it pro-
vides more fresh tumor material and refl ects the primary tumor more accurate-
ly than cell lines. In this study we report the molecular characterization of eight 
primary gastric cancers with corresponding xenograft s as well as the successful 
establishment of two novel gastric cancer cell lines, one derived from a human 
primary tumor of the diff use type and one from intestinal type gastric cancer. It 
is assumed that xenograft s and cell lines incur genetic and epigenetic changes 
in addition to those of the primary tumor, but to what extent the genomic al-
terations in gastric cancer vary between primary tumor, xenograft , and cell line 
is unknown. For this reason we decided to investigate copy number alterations 
and CpG island methylation status of a number of tumor suppressor genes 
and other relevant genes in the primary tumors, xenograft s and cell lines using 
a multiplex ligation-dependent probe amplifi cati on (MLPA) technique. MLPA 
is a quantitative multiplex PCR-based approach that allows the determination 
of the relative DNA copy number of up to 40 diff erent targets at the resolution 
of individual genes, in a single experiment [28]. Methylation specifi c MLPA 
allows simultaneous detection of CpG methylation and has been successful 
validated against other methylation techniques [22]. In addition we compared 
the primary and xenograft  tumors histologically, examined the expression pro-
fi le of fourteen diff erent immunohistochemical markers and carried out CDH1 
and TP53 mutation analysis in cases with aberrant protein expression.
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METHODS

Patients and Materials

Sixty primary human gastric cancers were collected from fi ve diff erent hos-
pitals in the Netherlands. A piece of primary tumor was cut into 3 mm cubes, 
incubated in RPMI medium containing glutamate, fungizone, gentamycin, 
penicillin and streptomycin for 4hrs or overnight at 4ºC and subsequently bio-
logically frozen and stored at -80ºC until use or directly washed in PBS prior 
to subcutaneous transplantation into the fl anks of NMRI nude mice (Charles 
River, Wilmington, MA, USA). Mice were cared for in our institute’s animal 
facility with approval of the animal ethics review board. Once the tumour grew 
to a size of 1-2 cm3 the mice were sacrifi ced, the xenograft ed tumours resected 
under aseptic conditions and divided into representative portions for paraffi  n 
embedding, snap freezing, and direct culturing. In addition, four small pieces 
were retained for transplantation into subsequent mice as shown in Table 1. 
Details of the age of the patient and histological type can also be found in this 
table.

Th e tissue microarray included 204 gastric carcinomas obtained from 24 
diff erent institutions throughout the Netherlands through the nationwide da-
tabase system, and from the Department of Pathology at the Jorvi Hospital 

Table 1 
Patient details and xenograft growth characteristics.

Xeno-

graft

Age of 

Patient

Histologi-

cal Type

Time Span between xenograft transplants (months)

p0 p1 p2 p3 p4 p5 p6 p7

X1 83 diff use 4 3 to 5 2 2.5 2.5 2 1.5 to 2 1.5

X2 61 intestinal 6 3  -

X3 81 intestinal 4.5  -

X4 68 mixed 4.5 to 7.5 5.5 to 8 7  -

X5* 51 diff use 10  -

X6 65 mixed 5 2.5

X7 64 intestinal 2 to 5 3  -

X8 81 intestinal 10 to 14 7 3  -

*  patient with known HNPCC with an MSH2 mutation
 p0-p7 indicates xenograft passage number
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(Espoo, Finland) as published previously (Milne et al 2006). Tumor stage and 
lymph node status were available in 174 cases.

Cell Culture

Attempts were made to culture all xenograft s tissue by cutting the tumors 
into small pieces and seeding onto 12-well plates in RPMI supplemented with 
15% FCS, penicillin/streptomycin and glycine. Murine fi broblasts contaminat-
ing the initial culture were removed by diff erential trypsinization to obtain 
a pure tumor cell population. Tumor cells from the fi rst passage of X8 were 
cultured in Dulbecco’s modifi ed Eagle’s medium, antibiotics and glycine, Ham’s 
F-12 nutrient mix, 15% fetal bovine serum, hydrocortisone, insulin-transfer-
rin-selenium and cholera toxin as shown to assist cell in culture previously 
[5]. Th e cells initially grew in clumps and so aft er 3 weeks they were shaken 
with liver digestion medium (Gibco) and incubated at 37ºC for 30-60 minutes. 
Th e supernatant was removed, and fresh liver digestion medium was added to 
dissociate any remaining clumped cells and the process was repeated until all 
cells were dissociated. Once the cell line, designated IGC8 was well established, 
cholera toxin was omitted. Cells from the fi rst and second passage of xenograft  
1 were cultured together in RPMI medium with the addition of 15% fetal bo-
vine serum, antibiotics, glutamate, hydrocortisone and insulin-transferrin-se-
lenium as above and named DGC1. Both cell lines were cultured for at least 6 
months and at least 24 passages.

Immunohistochemistry

Antigen retrieval (10 minutes of boiling in 10 mM Tris/1 mM EDTA (pH 
9)) was carried out on 4 μm deparaffi  nized sections. Slides were immersed in 
0.3% hydrogen peroxide in methanol for 30 minutes and non-specifi c binding 
blocked with 5% normal goat serum (1 hour, room temperature). Sections were 
then incubated for 1 hour at room temperature with one of the following pri-
mary antibodies: p53 (DO-7 and BP53-12 Neomarkers, Union City, CA, USA; 
1:2000), TFF1/pS2 (Dako, Glostrup, Denmark; 1:1200), p16 INK4A (Neomarkers, 
Fremont, CA, USA; 1:100), SMAD4 (sc-7966 Santa Cruz Biotechnology, Santa 
Cruz, CA, USA; 1:200), COX-2 (Cayman Chemical Co., Ann Arbor, MI, USA; 
1:800), cyclin E monoclonal antibody (Neomarkers; 1:40), p27 clone: 1B4 (No-
vocastra, Newcastle upon Tyne, United Kingdom; 1:250), or overnight at 4°C 
for the following primary antibodies: E-Cadherin HECD-1 (Th amer, Uithoorn, 
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Th e Netherlands; 1:2000), MLH1 (Pharmingen, San Diego, CA, USA; 1:50), 
β-catenin (BD Biosciences, Alphen aan den Rijn, Th e Netherlands; 1:10,000 
dilution), KLK3/PSA (Dako, 1:400), CHFR (Abnova, Taipei City, Taiwan, 1H3-
A12, 1:200), CASR (Abcam, Cambridge, United Kingdom, 1:200) and DAPK1 
(Lifespan Biosciences, Seattle, Washington, U.S.A. 1:50). Th e Ultravision anti-
polyvalent HRP detection system (Lab Vision Corp., Fremont, CA, USA) was 
used to visualize antibody binding sites with 3,3’-diaminobenzidine as a chro-
mogen. Sections were counterstained with haematoxylin.

Immunohistochemistry on cytospins was carried out with preparations 
fi xed with acetone with an additional fi xation step using zamboni for p53. 
Non-specifi c binding was blocked using 5% normal goat serum for 10 minutes 
followed by incubation with the primary antibody as above, except for the fol-
lowing dilutions:

β-catenin 1:2000, COX-2 1:50 and p53 1:400. Endogenous peroxidase activ-
ity was blocked using 0.1% natriumazide and 0.3% H2O2 in phosphate buff ered 
saline for 9 minutes. Peroxidase activity was then detected using 3,3 amino-
9ethyl carbazole (Sigma-Aldrich, Zwijndrecht, Th e Netherlands) in dimethyl-
formamide.

Scoring of immunohistochemistry was carried out as follows: P53 was posi-
tive if strong nuclear staining was present in > 30% of cells; E-Cadherin was 
considered abnormal in the absence of membranous staining or presence of 
clumpy cytoplasmic localization; TFF1 was deemed positive if cytoplasmic 
staining was present in >5% of tumour cells; B-catenin was scored as abnor-
mal if there was nuclear staining accompanied by loss of membranous staining; 
COX-2 was scored into the categories 0-4 follows: 0 – no staining, 1 – weak dif-
fuse cytoplasmic staining (may contain stronger intensity in <10% of cells), 2- 
moderate to strong granular cytoplasmic staining in 10-50% of tumour cells, 3 
– strong intensity in >50% of tumour cells; p16 was positive if there was nuclear 
staining in >10% of tumour cells; SMAD4 and MLH1 were scored as nega-
tive if there was absence of nuclear staining in the tumour cells, in the pres-
ence of positive staining in an internal control and staining of p27 was scored 
semi-quantitatively by estimating the percentage of tumour cell nuclei staining 
(0-5%, 6-25%, 26-50%, 51-75%, 76-100%) with all immunoreactive nuclei re-
garded as positive, irrespective of the intensity of staining  and thereaft er cat-
egorized as p27 low (0-25%) or p27 high (26%-75%) for statistical analysis.
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Tissue Microarray and Statistical Analysis

Tissue microarrays were constructed from formalin-fi xed and paraffi  n-em-
bedded archive specimens as described previously [21] and stained and scored 
as above. Th e SPSS 11.5 soft ware package was used for statistical analysis.

A Chi-squared test was applied to determine whether there was a statisti-
cally signifi cant correlation (p<0.05) between p16, p27 staining and tumour 
stage or lymph node metastases.

DNA Extraction and Microdissection

Serial 8-9 μm deparaffi  nized haematoxylin stained sections were carefully 
microdissected if necessary (to achieve >85% tumour cells) using an inverted 
microscope and a sterile needle. DNA from paraffi  n material and xenograft  
material was isolated using the PUREGENE® DNA Isolation Kit (Gentra Sys-
tems, Minneapolis, USA) according to manufacturer’s instructions. Similarly, 
xenograft  DNA was extracted from the initially transplanted primary tumours 
(passage 0) from all tumours. In addition DNA was isolated from the 1st passage 
of X2 and X7 and the second passage of X1, X2 and X7. DNA isolation from cell 
lines was performed using proteinase K treatment, followed by phenol/chlo-
roform extractions. DNA concentrations were measured using the NanoDrop 
spectrophotometer (Isogen Life Science, IJsselstein, Th e Netherlands).

Methylation Specifi c Multiplex Ligation-dependent Probe 

Amplifi cation (MS-MLPA)

MLPA reagents were obtained from MRC-Holland, Amsterdam, Th e Neth-
erlands (ME001 tumour suppressor kit; and the P083 CDH1 kit; www.mlpa.
com) and used according to the manufacturer’s instruction [28]. Amplifi cation 
products were detected and quantifi ed by capillary electrophoresis on an ABI 
3100 automated sequencer (Applied Biosystems) using a ROX-labeled internal 
size standard (ROX-500 Genescan, Applied Biosystems, Warrington, UK).

Th e data was analyzed as previously described [22] using the Coff alyser 
soft ware (MRC-Holland). Briefl y, the total of all peak areas was used for nor-
malization of each sample aft er which each probe was compared to reference 
normal DNA and a tumour to normal DNA copy number ratio was deter-
mined. As suggested by the manufacturers, a global normalization mode was 
employed for the ME-001 kit thereby treating every probe as a control probe, 
and a single iteration mode was used on the Coff alyzer soft ware, whereas for 
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the P083 kit normalization with a gene subset (i.e. designated control probes) 
was appropriate. Reference DNA from normal non-cancerous lymph nodes 
and non-neoplastic gastric mucosa from three diff erent individuals was used. 
All MLPA reactions were repeated at least twice. A ratio less than 0.60 was 
considered a deletion and a ratio higher than 1.35 considered a gain. Of note, 
the ME 001 kit contains 41 probes targeted to 38 genes. Identical results were 
obtained for the 2 diff erent MLH1, BRCA2 and RASSF1 probes thus results for 
one of the probes have been presented in Table 2.

Mutation Analysis

Th e sequence of the TP53 coding region was assessed using RT-PCR. 
RNA from cell pellets of DGC1 was extracted using Trizol (Invitrogen, Breda, 
Th e Netherlands) and the quality assessed by agarose gel electrophoresis. Sub-
sequently, complementary DNA was synthesized using the M-MLV RT enzyme 
kit (Invitrogen), pd (N) 6 random primers (Amersham Biosciences, Roosend-
aal, Th e Netherlands) and RNA inhibitor (Roche, Basel, Switzerland), accord-
ing to the manufacturer’s instructions.

Th e TP53 coding sequence was amplifi ed by PCR of three overlapping seg-
ments, using the following primers:

5’-GCTTTCCACGACGGTGACA-3’(A forward),
5’-ACTCCCCTGCCCTCAACAA-3’(A reverse),
5’-TCTGTCCCTTCC-3’(B forward),
5’-GCTCTGACTGTACCACCATC-3’(B reverse),
5’-TTGCGTGTGGAGTATTTGGA-3’(C forward)
and 5’-GGTCTTTGAACCCTTGCTTGC-3’ (C reverse).

35 cycles were carried out using 0.2 mM dNTPs, 1.5 mM MgCl2, 1 μM for-
ward and reverse primers, at an annealing temperature of 55˚ C and 4 units 
of Platinum® Taq DNA polymerase (Invitrogen) in a buff er supplied by the 
manufacturer, with an end volume of 50μl in an MJ Research Th ermal Cycler 
(DYAD™), (Bio-Rad Laboratories, Inc., Waltham, MA, USA). Following purifi -
cation of PCR products with the QIA quick® PCR purifi cation kit (Qiagen, Le-
usden, Th e Netherlands), the sequences were analyzed using the ready reaction 
Big Dye™ Terminator Cycle Sequence kit (Applied Biosystems) and an ABI 3100 
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automated sequencer (Applied Biosystems) and visualised using CodonCode 
Aligner 1.5.1 soft ware (CodonCode Corporation, Dedham, MA, USA).

All 16 exons of CDH1 were amplifi ed from genomic DNA isolated from 
the cell lines. Conditions and primers are available from the author on request. 
Following purifi cation of PCR products with the MSNU03050 multiscreen 
HTS 96 wells fi ltration system (Millipore, Etten Leur, Th e Netherlands), the 
sequences were analyzed using the ready reaction Big Dye™ Terminator Cycle 
Sequence kit version 1.1 (Applied Biosystems) and an ABI 3730 automated se-
quencer (Applied Biosystems) and analyzed using PolyPhred (http://chum.
gs.washington.edu/PolyPhred.html).

For CDH1, Genbank Accession Number NM_004360.2 was used as a refer-
ence sequence the start codon defi ned as position 1 and the presence of a new 
splice  sites  were assessed using the splice site prediction programmes www.
cbs.dtu.dk/services/NetGene2/, www.genet.sickkids.on.ca/~ali/splicesitefi nder 
and www.fruitfl y.org/seq_tools/splice).

RESULTS

Establishment of Xenografts and Cell Lines

Direct culture of primary human gastric tumors was attempted with twenty 
nine gastric carcinomas. None of these attempts led to the establishment of 
a cell line, but yielded at most short-term outgrowths of epithelial islands. Sub-
sequently, sixty gastric cancers collected between 2002 and 2005 were trans-
planted into NMRI nude mice. Eight of these gave rise to tumors which grew 
to a visible size in the mouse and six of these continued to grow on transplanta-
tion into another mouse. Th e length of time taken to reach transplantable size 
(1-2 cm3) for each tumor can be seen in Table 1 and the selection for more 
aggressive tumor cells was demonstrated by the decreased time between trans-
plantations. Histological assessment of the xenograft  tumors revealed tumors 
of the same grade as the original primary tumor in all cases. Attempts were 
made to culture all 8 xenograft s and passages thereof. Cell line DGC1, derived 
from a human primary tumor of the diff use type was established from the fi rst 
and second xenograft  passages and cell line IGC8, derived from a human pri-
mary tumor of the intestinal type was established from the fi rst xenograft  pas-
sage. Th e morphology of the primary tumor, corresponding xenograft  and cell 
lines can be seen in Figure 1. DCG1 consisted of a fl at monolayer in culture and 
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Table 2 

Results of the Methylation Specifi c Mulitplex Ligation-dependent Probe Analysis.

M- methylated; C – copy number; L- loss; G- gain. Grey shading where methylation analysis not performed
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had a population doubling time of seven days. IGC8, derived from an intesti-
nal gastric tumor grew in three dimensional structures composed of strings of 
cells, and never exceeded 80% confl uency. It had a population doubling time of 
10 days. Both cell lines were cultured for six months and at least 24 passages. 
Further characterization of the cell lines was done by the assessment of copy 
number changes and determination of the methylation status of a number of 
tumor suppressor genes and other relevant genes as described below, as well as 
by immunohistochemistry and mutation analysis of TP53 and CDH1.  DGC1 
harbored a mutation in TP53 c.125G>C p(Arg72Pro). Both cell lines revealed 
the same frame shift  mutation (c.377del) in the CDH1/E-cadherin gene. In ad-
dition DGC1 contained a c.1901 C>T(p.Ala634Val) mutation whereby a new 
splice donor site is predicted resulting in a frameshift  most probably leading 
to nonsense mediated decay. In IGC8, the variation c.2253C>T, a silent altera-
tion that does not seem to aff ect the splicing was found and considered as an 
infrequent polymorphism. MLPA analysis of the CDH1 gene revealed no exon 
deletions or duplications.

Figure 1 

Hematoxylin and eosin stain (_40) of P1 (A), M1 (B), P8 (D), and M8 (E), together with the cell 
lines DGC1 (C) and IGC8 (F) in culture, which were established from the corresponding xeno-
grafts.
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CpG Island Methylation Phenotype and Copy Number

To determine genetic and epigenetic changes incurred by the primary tu-
mor, xenograft s and subsequent cell lines, we carried out methylation specifi c 
multiplex ligation-dependent probe amplifi cation (MS-MLPA) with probes 
targeted to many known tumor suppressor genes, genes involved in cell sign-
aling, adhesion and apoptosis. Results of this analysis can be seen in Table 2, 
where the primary tumors, labeled P1-P8 can be compared to the correspond-
ing xenograft  X1-X8, and the two novel cell lines C1 and C8, now designated 
DGC1 and IGC8. Interestingly, 3 out of the 8 primary tumors had a normal 
gene copy number for all the 38 genes examined.

Gains were most prominently seen for CASR, encoding a calcium-sensing 
receptor (5/8 cases), KLK3/PSA, encoding the prostate specifi c antigen kal-
likrein 3 (4/8 cases) located at chromosomal region 19q13 and DAPK1, that 
codes for a death-associated protein-kinase (3/8 cases). Single gains were ob-
served for TNFRS1A, PARK2, PAH1, E-cadherin/CDH1, and TP73, in the xe-
nograft ed lesions and cell line. Also in one case, one of the cell lines showed 
a gain for p16/CDKN2A however, losses of this gene were mostly seen (4 cases). 
Further losses were detected for the cell cycle regulators p15/CDKN2B, located 
at chromosomal region 9p21 (3/8 cases; all with loss of p16 as well), p27 (3/8 
cases) and ATM (3/8 cases). No homozygous deletions were found for any of 
the genes. FHIT and BRCA2 showed both losses and gains, indicating potential 
genomic instability at these sites.

Losses in combination with methylation were seen for the DNA repair gene 
MLH1, the checkpoint gene CHFR (1/8 loss, 2/8 methylation), RASSF1 (1/8 
loss, 1/8 methylated) and ESR1 (1/8 loss, 2/8 methylated). Methylation oc-
curred in 4 cases at the locus for H-cadherin/CDH13, however in one instance 
this occurred in combination with a gain in copy number. Th e APC gene was 
methylated in all cases as was also seen in normal non-neoplastic gastric mu-
cosa. Of note, the highest rate of gene methylation was found in the cases P1 
and P8 from which cell lines were derived.

Protein Expression and Mutation Analysis

In order to compare the protein expression of the primary gastric tumor, 
xenograft  and cell line, we carried out immunohistochemistry for E-Cadherin,

β-catenin, COX-2, p53, TFF1, cyclin E, p16, MLH1, SMAD4, p27, CHRF, 
KLK3/PSA, CASR and DAPK1 on paraffi  n embedded material of the xeno-
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Table 3 
Results of immunohistochemistry.

grey shading indicates abnormal staining
*xenografts stained with these antibodies were diffi  cult to accurately interpret due to high background staining of mouse 

tissue, n.a. – not assessable (poor quality of staining on cytospin)
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graft s and primary tumors and cytospins of the cell lines. Th ese results are sum-
marized in Table 3 where abnormal staining is highlighted with grey shading. 
Th e primary tumor, xenograft  and cell lines shared the same expression pattern 
for all markers examined except for p16/CDKN2A in X3 (where MLPA analy-
sis showed loss of one copy of this gene), p27 and COX-2.  In cases P2 to P6, 
the primary tumor had a stronger expression of COX-2 than in the xenograft . 
Interestingly, no expression of KLK3 was found on immunohistochemistry de-
spite amplifi cations being found at this gene locus.

Case 3 displayed nuclear localization of β-catenin and complete absence of
β-catenin was found in case 1. In addition, cases 1 and 8, showed a complete 

lack of MLH1 protein expression in the tumor cells which corresponded to the 
methylation of MLH1 found through MS-MLPA.

Cases 1 and 8 with abnormal IHC for either p53 and/or E-Cadherin were 
subjected to mutation analysis of the respective genes. Th ese cases were also the 
ones from which cell lines were derived and therefore mutation analysis was 
performed on the cell lines, revealing mutations in the respective genes. MLPA 
analysis of the CDH1 gene for these two cases revealed no exon deletions or 
amplifi cations.

Correlation of immunohistochemical staining with 

clinicopathological characteristics

In order to investigate the biological relevance of some of the genetic 
changes found using MS-MLPA, we carried out immunohistochemistry for 
CDKN2A (p16), CDKN1B (p27/KIP1), KLK3/PSA, CASR, CHRF and DAPK1 

Table 4 
Results of Tissue Microarray Immunohistochemistry.

Gene of inte-

rest

Immunohistochemical 

fi ndings
signifi cance of result

p16 44% negative staining no correlation with tumor stage or meta-
stases

p27 52% p27 high phenotype no correlation with tumor stage or meta-
stases

CASR 100 % positive does not appear to act as TSG in gastric 
cancer

CHFR 33% negative loss correlates with diff use histology 
(p=0.001)

DAPK 6% negative loss correlated with older age (p=0.002)

KLK3 100 % negative KLK3 is not amplifi ed in gastric cancer
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on 174 gastric cancers including early-onset gastric cancer and conventional 
gastric cancers using tissue microarrays and correlated the expression of these 
markers with clinicopathological parameters. Expression rates of these markers 
together with a summary of the relevant clinical correlations and signifi cance 
of the result can be found in Table 4.

P27 high immunohistochemistry (nuclear staining in ≥ 26% of cells) was 
present in 52% of cases and there was no statistical diff erence between diff use 
and intestinal cancers. Absence of p16 expression was found in 44% of cases 
with no diff erence in histological type as reported previously [21]. No correla-
tion was found between either p16 or p27 and T-stage (p=0.194 and p=0.435 
respectively) or lymph node status (p=0.48 and p=0.38 respectively) despite the 
fact that loss of CDKN2A (p16) and CDKN1B (p27/KIP1) appeared to occur 
exclusively in the xenograft ed tumor, and occurred especially in later passages 
in the xenograft s (X4 p2, X8 p2). CHFR staining was lost in 33 % of gastric 
cancers and there was a signifi cant diff erence between staining in diff use and 
intestinal histology, with loss found more commonly in the diff use type gastric 
cancer (p=0.001). Th ere was no correlation with age, location (cardia versus 
fundus) or tumor stage. CASR was expressed in all cases but a clear distinction 
between normal expression and possible overexpression could not be repro-
ducibly made. On the other hand, KLK3/PSA was negative in all cases with no 
expression found, despite amplifi cation at this gene locus. Loss of DAPK ex-
pression, a gene that was found to be amplifi ed using MLPA, was seen in 6%.

Interestingly, loss of DAPK1 expression correlated signifi cantly with older 
age (p=0.003) with 91% (10 of 11 cases of loss) occurring in conventional can-
cers. Th ere was no correlation with histology, location or tumor stage.

DISCUSSION
Cell lines and xenograft  materials are widely used by researchers to docu-

ment characteristics of a particular human cancer. In the process of the es-
tablishment of these model systems, additional genetic and epigenetic changes 
may occur or alternatively, specifi c clones with these changes may be selected 
for. In this study we characterized a group of eight xenograft  tumors with their 
corresponding primary tumors and we report the establishment of two novel 
gastric cancer cell lines derived by passaging in nude mice. To study the al-
terations in primary tumors and derived xenograft s and cell lines we compared 
these lesions with respect to their histology, expression of relevant proteins us-
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ing immunohistochemistry, changes in copy number of a number of tumor 
suppressor genes as well as genes important in processes such as cellular growth 
and signaling, DNA repair, and apoptosis. In addition, methylation of many of 
these genes was studied by MS-MLPA analyses and where relevant, TP53 and 
CDH1 mutation analysis was performed. Furthermore we extrapolated some 
of the genetic changes found by examining protein expression of 174 gastric 
cancers using tissue microarrays.

Th e histology of primary tumors and their xenograft s was comparable 
as was the expression pattern as studied by immunohistochemistry that was 
shared in the primary tumor, xenograft  and cell lines for all markers examined, 
(E-Cadherin,

β-catenin, COX-2, p53, TFF1, cyclin E, p16, MLH1, SMAD4 and p27) ex-
cept for p16 and COX-2. In one case, in contrast to the primary tumour, the 
xenograft  showed a loss of p16 expression accompanied by allelic loss. In fi ve 
cases, the primary tumor had a stronger expression of COX-2 than in the xeno-
graft , possibly due to the change in the growth factor environment.

MLPA analysis provided us with information regarding the copy number 
of 38 genes, with primary gastric tumors as well as their derived xenograft ed 
lesions and cell line found to have copy gain of CASR, DAPK1 and KLK3. In 
addition, CASR gains were also detected in xenograft  passages and the corre-
sponding cell line of three additional cases where it was not observed in the pri-
mary tumor. Similarly, KLK3 and DAPK gains were also detected in xenograft s 
and cell lines which had no corresponding aberrations in the primary tumor.

CASR maps to 3q13-21 and is a calcium-sensing receptor, potentially of 
infl uence on gastric acid secretion, fl uid transport in the colon, and possibly 
involved in calcium-handling and diff erentiation in the gastrointestinal tract 
[2, 3, 8, 11]. Interestingly this gene has been described as having a possible role 
in abnormal diff erentiation or malignant progression in the colon [4], thus the 
uncovering or excluding of a role for CASR in gastric cancer is of great interest. 
However in 174 gastric cancers we found no loss of CASR, out ruling its role 
as tumor suppressor gene in gastric cancer. Pituitary adenomas [25] are so far 
the only neoplasms documented to have overexpression of CASR (Calcium-
sensing receptor) and the functional relevance of this gain in gastric cancer, 
which was found in 2 of our 8 primary tumors, has yet to be established.

Another novel fi nding was amplifi cation of KLK3 (Kallikrein 3/Prostate 
Specifi c Antigen), a kallikrein-like protease with androgen-response elements 
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that is widely amplifi ed and overexpressed in prostate carcinoma [18]. Interest-
ingly overexpression of PSA has been described in gastric cancers [30], how-
ever in a further examination of 174 gastric cancer, we found no expression of 
KLK3, suggesting that another target at this locus is of importance in gastric 
cancer. KLK3 is located at chromosomal region 19q13, a region that where am-
plifi cations have been described in early-onset gastric cancer [33] where it is 
associated with overexpression of cyclin E. Indeed in this study we found over-
expression of cyclin E in all cases that showed gain of KLK3 except for the cell 
line of case 1, suggesting that this is in fact the critical gene amplifi ed at this 
locus.

Th e third most frequently detected gain, found in 2/8 primary tumors, 
was for DAPK1 (death-associated protein kinase), a positive regulator of pro-
grammed cell death and recently described as a novel p53 target [20]. However, 
DNA methylation and histone deacetylation of DAPK1 has been found in col-
orectal and gastric cancers in association with silencing of this gene [17, 26, 
27]. Th is discrepancy may refl ect genetic instability at this site, changes in the 
balance of apoptosis, or the detected change in copy number may not lead to an 
increase in expression of the protein. To investigate this we carried out IHC on 
an additional 174 gastric cancers and found a loss of expression in 6% of cases 
which correlated signifi cantly with conventional gastric cancer (age > 45 years). 
Th is means that DAPK does not appear to play a role in EOGC as was previ-
ously thought [17]. In addition it appears to play a less important role in gastric 
cancer than previously published [26, 27]. Th e fi nding of a gain at this locus still 
remains unexplained, although it is possible that the amplifi cation may involve 
another critical gene at this locus. Gains in genes other that DAPK1 were de-
tected only once or twice and were absent in the primary tumors.

Th e most prominent losses were detected for CDKN2A (p16), CDKN2B 
(p15), both located at 9p21, CDKN1B (p27/KIP1) and ATM. Further losses in 
conjunction with hypermethylation in other cases were detected for MLH1, 
CHFR, RASSF1 and ESR1.  Th e loss of copy numbers for the genes encoding 
cyclin dependent kinase inhibitors such as CDKN2A (p16), CDKN2B (p15) 
and CDKN1B (p27/KIP1) reported to be important in tumor progression, was 
found only in the cell line, the xenograft s or the last passage of the xenograft s 
studied, suggesting indeed that these changes might be associated with tumor 
progression. Th erefore, protein expression of two of these markers markers, 
p16 and p27 was examined in a further 174 gastric cancer cases using tissue 

Sitarz book.indb   76Sitarz book.indb   76 2009-09-14   09:05:052009-09-14   09:05:05



Chapter 3 Molecular analysis of primary gastric cancer ...

7777

microarrays. However, the expression data did not show any signifi cant cor-
relation with tumor stage or lymph node status. Th ere are confl icting reports in 
the literature regarding p16 and its association with lymph node metastases [9, 
13, 34]. Similarly, although gastric cancer with low expression of p27 has been 
reported to be associated with aggressive characteristics and a worse outcome 
[29] another report shows that it has prognostic value only though its correla-
tion with p53 status [1].

Interestingly, two genes involved in DNA repair and checkpoint control, 
MLH1 and CHFR (checkpoint with FHA and ring fi nger) also showed loss or 
methylation. Methylation of these genes was observed in the primary tumors 
as well as in all derived xenograft  lesions and cell lines and was accompanied 
by lack of expression of the protein as assessed by immunohistochemistry for 
MLH1. Furthermore, in an additional 174 gastric cancer cases, loss CHFR ex-
pression was seen in 33% and correlated signifi cantly with diff use histology. 
Hypermethylation of CHFR has been reported to occur concurrently with 
hMLH1 hypermethylation in gastric neoplasia [16], as has been confi rmed by 
our fi ndings.

Hypermethylation was also detected for RASSF1A (Ras association domain 
family protein 1), ESR1(estrogen receptor 1), and CDH13 (T-cadherin, H-cad-
herin) and this has been reported previously in gastric cancer [6, 15, 31] albeit 
that hypermethylation of ESR1 was previously described only in gastric cancer 
cell lines [35], APC promoter 1A was found to be hypermethylated in all sam-
ples. Th is is in accordance with previous literature showing  that hypermethyla-
tion in one of the two described APC promoters, promoter 1A, occurs in gastric 
cancers as well as in non-cancerous gastric mucosa [32] and is considered both 
age related and tissue-specifi c. It is known that hypermethylation is a powerful 
mechanism for the silencing of tumor suppressor genes, DNA repair genes and 
metastasis inhibitor genes in cancer. Th ere is a need for sensitive and robust 
multiplex methods for the detection of aberrant methylation of promoter re-
gions in paraffi  n embedded material. Here we report the use of MS-MLPA for 
the simultaneous detection of methylation status in 26 genes, including tumor 
suppressor genes, in gastric cancer. Interestingly, we found the highest rate of 
methylation in the primary tumors which eventually gave rise to two novel gas-
tric carcinoma cell lines. In addition, both cell lines were found to harbor muta-
tions in the gene encoding E-cadherin (CDH1), a gene that is found mutated 
in hereditary gastric cancer of the diff use type [12] although they were derived 
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from primary gastric cancers of diff erent histology. Th is resulted in respectively 
abnormal or a lack of expression of the protein. Overall, although more gains 
and losses were found in the xenograft  tumors and cell lines than in the prima-
ry tumors, the majority of changes could also be detected in primary tumors. 
Moreover, some of these changes may indeed represent alterations present in 
more aggressive subclones or be induced by the establishment of the xenograft s 
as may happen during tumor progression. We report here several novel fi nd-
ings in regard to (epi)genetic alterations during gastric cancer progression. In 
particular we demonstrate gains in KLK3 (19q13), DAPK1 (9q22) and CASR 
(3q21). We describe that loss of CHFR occurs frequently in gastric cancer and 
correlates with diff use histology. Xenograft s and gastric cancer cell lines there-
fore remain an invaluable research tool that may assist us in the uncovering of 
the multistep progression of cancer.
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ABSTRACT
Background: COX-2 and E-cadherin, involved in invasion and metastasis, 

are molecules critical for gastric carcinogenesis. A relationship between them 
is documented in non-small cell lung and prostate cancer. We present novel 
evidence of a relationship between COX-2 and E-cadherin expression in gastric 
cancer.

Methods: Using qPCR and Western blots analysis on celecoxib and PGE2 
treated and untreated gastric cancer cell lines derived from tumours of the in-
testinal type (MKN45, MKN28, AGS3, MKN7), and immunohistochemistry of 
178 gastric cancers on tissue microarrays (TMA), we examined the COX-2/E-
cadherin relationship.

Results: Down-regulation of COX-2 by celecoxib led to up-regulation 
of  E-cadherin mRNA and protein levels in conventional gastric cancer cell 
lines, whereas expression was down regulated in the early-onset gastric can-
cer (EOGC) cell line. Immunohistochemistry on TMAs of 178 gastric cancers 
showed no correlation between COX-2 and E-cadherin expression in the con-
ventional or early gastric cancer groups.

Conclusion: Th e results suggest that COX-2 has an impact on transcrip-
tional regulation of E-cadherin in gastric cancer and our fi ndings further high-
light the intriguing nature of EOGCs which appear to have a molecular phe-
notype distinct from conventional gastric cancer. In addition, our fi ndings also 
suggest that reduction of COX-2 using nonsteroidal anti-infl ammatory drugs 
in gastric cancer chemoprevention may only be relevant for older patients.

INTRODUCTION
Gastric cancer is the fourth most common malignancy worldwide and is 

still the second cause of cancer-related deaths in the world [27]. Patients diag-
nosed with gastric cancer usually have an advanced-stage disease leading to a 
poor prognosis. While the overall 5-year survival rate of gastric cancer patients 
is about 20%, that of patients with distant metastases is less than 5% [4; 27]. 
Gastric cancer is the result of a combination of environmental factors and an 
accumulation of specifi c genetic alterations, and is more common in the older 
population. According to the Laurén classifi cation, gastric cancer can be di-
vided into two main histological types, diff use and intestinal [16].

Around 10% of patients with gastric cancer belong to the early-onset type of 
gastric cancer (presenting <45 years old) in which it is postulated that genetic 
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factors may play a more important role then in conventional types of gastric 
cancer (presenting > 45 years old) [10; 21].

COX-2 is an inducible isozyme of cyclooxygenase and produces prostaglan-
din E2 (PGE2) in response to various infl ammatory stimuli or growth factors. 

Prostaglandin E2 plays an important role in regulating diverse cellular functions 
under physiological and pathological conditions. Gastric adenocarcinomas ex-
press high levels of COX-2 when compared to non-neoplastic mucosa, where 
levels are low or undetectable  [33; 36]. COX-2 is predominantly expressed in 
intestinal-type gastric carcinomas and their precursor lesions and is overex-
pressed less commonly in the diff use-type  [20; 35; 40]. COX-2 overexpres-
sion has been associated with an inhibition of apoptosis [37], neoangiogenesis 
[39] and metastasis [24] and can be produced by stromal myofi broblasts [15]. 
We have found previously that COX-2 expression varies signifi cantly between 
EOGCs and conventional cancers, with COX-2 overexpression occurring rare-
ly in early-onset gastric cancers [20].

Th e transmembrane protein E-cadherin is known to play a crucial role dur-
ing the progression of gastric cancer [23]. E-cadherin is necessary for main-
taining normal epithelial tissue architecture and for stabilizing adherence 
junctions. It is more commonly dysregulated in diff use gastric cancer [20] and 
germline mutations are found in hereditary diff use gastric cancer [14]. Mul-
tiple mechanisms are responsible for the inactivation of E-cadherin in gastric 
cancer cells, such as gene mutation [1], promoter hypermethylation [19], post-
translational truncation or modifi cation [31], degradation by matrix metallo-
proteinase [18] and transcriptional repressors [6]. During carcinogenesis, the 
conversion of epithelial cells to fi broblastic phenotype occurs via a mechanism 
called epithelial-mesenchymal transition (EMT) and is oft en associated with 
down-regulation of E-cadherin. Th is reduction is an early stage in tumor inva-
sion and metastasis in gastric cancer patients.

Th e fi rst mention of a relationship between these proteins, which are so 
crucial in gastric cancer, was documented in non-small cell lung cancer where 
inhibition of tumor COX-2 using celecoxib led to increased E-cadherin expres-
sion [11]. Similarly, in prostate cancer the expression of E-cadherin and COX-
2 were inversely correlated [30]. Th e elevation of COX-2 expression levels is 
an early event in gastric carcinogenesis [36] and is involved in invasion and 
metastasis, leading to the hypothesis that COX-2 may be a central element in 
gastric carcinogenesis. Non-steroidal anti-infl ammatory drug (NSAID) users 
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show a reduced risk of gastric cancer development in epidemiologic studies 
[13]. Celecoxib, a selective COX-2 inhibitor, is known to reduce the occurrence 
of polyps in the colon, and to prevent colorectal cancer [29; 38]. However, the 
role of COX-2 appears to diff er in the context of early-onset types of gastric 
cancer where little overexpression of COX-2 was found [20]. In light of this 
information, the relationship between COX-2 and E-cadherin expression in 
gastric cancer is of great interest.

Th e aim of this study was to investigate the correlation between COX-2 and  
E-cadherin expression pattern in gastric cancer, and due to the interesting pat-
tern of COX-2 expression obtained previously using the immunohistochemical 
staining [20], we examined both early-onset and conventional gastric cancers 
types.

MATERIALS AND METHODS
Patients

A total of 85 conventional gastric cancers (patients >45 years old, diagnosed 
between 1993 and 2003), were obtained from the Academic Medical Centre, 
Amsterdam, Th e Netherlands. A total of 93 early-onset gastric carcinomas (pa-
tients <45 years old, 90% diagnosed between 1994 and 2002 and 10% diagnosed 
between 1980 and 1994), were obtained from 24 diff erent institutions through-
out the Netherlands through the nationwide database system, and from the 
Department of Pathology at the Jorvi Hospital (Espoo, Finland). Th e tumors 
were classifi ed by an experienced gastrointestinal pathologist (GJAO) accord-
ing to the Laurén classifi cation as intestinal, diff use or mixed gastric adenocar-
cinomas. Tissue microarrays were constructed of these two patient groups as 
described previously [20].

Immunohistochemistry

Sections (4 μm) were deparaffi  nized and antigen retrieval was carried out 
by boiling for 10 min in 10 mM Tris/1 mM EDTA (pH 9). No antigen retrieval 
was used. Subsequently slides were immersed in 0.3% hydrogen peroxide in 
methanol for 30 min and nonspecifi c binding was blocked with 5% normal 
goat serum for 1 h at room temperature. Th e sections were incubated for 1h 
at room temperature with the primary antibody, monoclonal mouse anti-E-
cadherin (HECD-1) 1:100 dilution Abcam, (Cambridge, UK). Th e Ultravision 
antipolyvalent HRP detection system (Lab Vision Corp., Fremont, CA, USA) 
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was used to visualize antibody binding sites with 3,3’-diaminobenzidine as a 
chromogen. Sections were counterstained with hematoxylin. Th e specifi city of 
various COX-2 antibodies has been extensively tested by our group, including 
the use of blocking peptides [35], in order to fi nd the optimal antibody, which 
has subsequently been used in all COX-2 publications by our group. Immuno-
histochemistry for COX-2 was carried out as above with the following excep-
tions: antigen retrieval was carried out in 0.01 M Na-citrate buff er (pH 6.0), 
followed by immersion in 0.6% hydrogen peroxide in methanol for 30 min and 
then in blocking solution (0.01 M Tris, 0.1 M MgCl2, 0.5% Tween-20, 1% BSA, 
5% normal goat serum) for 1 h. Incubation of the primary antibody was carried 
out using monoclonal COX-2 antibody at a dilution of 1:100 (Cayman Chemi-
cal Co., Ann Arbor, MI, USA) at 4°C overnight.

Scoring of immunohistochemistry was carried out for E-cadherin and 
COX-2 as follows: E-cadherin- 0—no membranous staining; 1— weak mem-
branous staining (membranous staining in less than 10% of the cancer cells), 
2— membranous staining present in 10-50% of the cancer cells, 3 → 50% of 
the tumor cells stained with strong membranous staining. Categories 0 and 1 
were designated E-cadherin Low; categories 2 and 3 were designated E-cad-
herin High. As described previously [8], E-cadherin immunoreactivity in the 
cytoplasm was considered aberrant only if seen as discrete clumpy staining and 
accompanied by loss of membranous staining.

For COX-2 immunohistochemical staining, the following scoring criteria 
of the tumor cells were determined prior to analysis: 0, no staining; 1, weak 
diff use cytoplasmic staining (may contain stronger intensity in 10% of the can-
cer cells); 2, moderate to strong granular cytoplasmic staining in 10%–90% of 
the cancer cells; and 3, more than 90% of the tumor cells stained with strong 
intensity. Scores 0 and 1 were categorized as COX-2 low and scores 2 and 3 as 
COX-2 high for the statistical analyses. A known COX-2 negative and positive 
tumor was used for each immunohistochemical assay, as positive and negative 
controls. Previously we have conducted a study whereby every 20th sample of 
the trial series was a known colon adenocarcinoma specimen, in which stromal 
cells at an area of ulceration were scored 3+, cancer cells from 2+ to 3+, and 
adjacent non-neoplastic epithelium 1+[5]. Th is procedure confi rmed that there 
was no signifi cant intra-assay and interassy variability of the staining intensity 
and helped us score the trial specimens. All sections were reviewed by 2 of 
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the authors independently. An example of the COX-2 scoring can be seen in 
Figure 1.

Of note, for both COX-2 and E-cadherin, the scoring of the mixed carcino-
mas (10% of the total number of cancers) was done in exactly the same manner 
as with diff use and intestinal tumors i.e. by looking at the entire amount of tu-
mor present (regardless of whether this was diff use or intestinal) and applying 
the scoring criteria as explained above.

Cell culture

Human gastric cancer cell lines, MKN45 (poorly diff erentiated (medullary) 
adenocarcinoma, age 62), MKN28 (intestinal adenocarcinoma (tubular), age 
70), and AGS3 (intestinal adenocarcinoma, age 54) derived from conventional 
gastric cancer cell lines and MKN7 (well diff erentiated (tubular) adenocarci-
noma, age 39) which belongs to the early-onset gastric cancer category) were 
cultured in RPMI-1640 (GIBCO BRL, MD, USA) supplemented with 10% fetal 
calf serum (GIBCO BRL) and 1% penicillin-streptomycin (GIBCO BRL) and 
maintained at 37oC at 5 % CO2 in air, as described previously [7].

Treatments and reagents

Cells were grown to approximately 60% confl uence and were treated with 
increasing concentrations of celecoxib (ChemPacifi c, Baltimore, USA) dis-
solved in DMSO (1 μM/L, 25 μM/L, 50 μM/L, 75 μM/L, 100 μM/L) and PGE-2 
(Biomol International, L.P., Plymouth Meeting, USA) diluted in ethanol (2 μg/
ml, 4 μg/ml, 6 μg/ml, 8 μg/ml, 10 μg/ml) for 24 h at 37oC.

DNA isolation, purifi cation and mutation analysis

DNA was extracted from gastric cancer cell lines using the QIAamp DNA 
Mini Kit (Qiagen, Venlo, Th e Netherlands) according to the manufacturer’s in-
structions. Th e DNA concentration used for each reaction was 50 ng, measured 
using the NanoDrop spectrophotometer (Nanodrop Technologies, Wilming-
ton, USA).

Polymerase chain reaction (PCR) was performed in a 20 μl reaction con-
taining 2.5 mM MgCl2, 0.25 mM dNTPs, 0.5 μM of each primer, 0.5 U Ampli-
Taq Gold polymerase  (Roche). Th e exons were amplifi ed using the primers as 
described previously  [2] with new primers designed for exon 1 as follows (for-
ward) 5’ -GTGAACCCTCAGCCAATCAG-3’ and (reverse) 5’-AATGCGTC-
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CCTCGCAAGT-3’. Amplifi cation was performed with an initial denaturation 
step of 10 min at 95 oC followed by 40 cycles of 95 oC 30 sec, 57-62 oC (see 
Table 1) 1 min, 72 oC 1.30 min, and then a fi nal elongation step of 10 min at 
72 oC. PCR products were enzymatically purifi ed by incubating at 37°C for 
30 min with 5-U shrimp alkaline phosphatase (SAP, GE Healthcare) and 2-U 
Exonuclease I (Exo1, Westburg) followed by a 20-min incubation at 80°C to 
inactivate the enzymes. Samples were then subjected to direct sequencing us-
ing the BigDye Terminator v1.1 cycle sequencing kit (Applied Biosystems) and 
the ABI PRISM 3130xl (Applied Biosystems) Genetic Analyzer. Th e sequences 
were compared to reference sequence NT_010498 using CodonCode Aligner 
soft ware. Each mutation/variation was confi rmed by a second run of PCR am-
plifi cation and sequencing.

Western blot

Cells were lysed in RIPA buff er (150 mM NaCl, 1% NP-40, 1% sodium de-
oxycholate, 1% sodium dodecyl sulfate (SDS), 1 mM EDTA, 50 mM Tris pH 
8.0) supplemented with 1 mM phenylmethylsulfonyl fl uoride (PMSF), 1 mM 
Na3VO4, 1mM NaF and Complete mini protease inhibitor cocktail tablets (RO-
CHE Diagnostics GmbH, Manheim, Germany), and then centrifuged at 14,000g 
for 20 min at 4oC. Proteins were separated on 10% SDS-PAGE and transferred 
to nitrocellulose membranes (Millipore Co., Bedford, MA, USA). Blots were 
blocked using 5% milk in PBST for 1 h at room temperature and then incu-
bated overnight with the primary antibody (E-cadherin Abcam (1:100), COX-2 
(1:250)) at 4oC followed by incubation with a horseradish-peroxidase-conju-
gated secondary antibody (1:7500) Biosource (Camarillo, CA, USA) for 1 h at 
RT. Th e antigen-antibody complex was detected using the enhanced chemilu-
minescence detection system (Amersham Biosciences, Buckinghamshire,UK) 
and exposed to Amersham Hyperfi lmTM ECL. Equal loading of samples was 
confi rmed by probing the membranes with β-actin antibody (1:8000) (US Bio-
logical, MA, USA) (MP Biomedicals, LLC, IIIKrich, France). For quantifi cation 
of band intensities, Western blots were scanned with a high-resolution using 
an Opticom scanner (Isogen, De Meern, Th e Netherlands) and the relative in-
tensities of protein bands were analyzed using TotalLab V 2003.03 soft ware 
(Nonlinear Dynamics; Newcastle-upon-Tyne, UK). Th e results were replicated 
in at least two separate experiments.
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RNA isolation, cDNA synthesis and Quantitative PCR

RNA was extracted from cell lysate by homogenation in Trizol reagent 
(Invitrogen) followed by chloroform/phenol extraction. cDNA was prepared 
from 1 μg of RNA using Reverse Transcriptase (Roche) and oligo-(dT) primers 
(Invitrogen).  E-cadherin mRNA levels were quantifi ed by quantitative PCR 
(qPCR) using the SYBR Green Quantitative PCR on an ABI7900 analyzer (Ap-
plied Biosystems, Warrington, UK). Amplifi cation was carried out in a total 
volume of 20 μl. PCR was performed with a fi rst step of 10 min at 95oC followed 
by 40 cycles of 15 seconds at 95 oC, 20 seconds at 60 oC and 30 seconds at 72 oC. 
Samples were run in duplicate and their relative expression was determined by 
normalizing the expression of each target to GAPDH. Th ese were then com-
pared to the normalized expression in a reference sample to calculate a fold 
change value. Primer sequences were as follows:

human E-cadherin 5’-CGGGAATGCAGTTGAGGATC-3 
and 5’AGGATGGTGTAAGCGATGGC-3’, 
human GAPDH 5’-TGCACCACCAACTGCTTAGC-3’ 
and 5’-GGCATGGACTGTGGTCATGAG-3’. 
Data were analysed using the SDS2.2.1 program (Applied Biosystems). 

Each experiment was performed at least three times in duplicate.

Statistical Analysis

Th e SPSS 12 soft ware package was used for statistical analysis. A Chi-
squared test was used to determine whether the diff erences in expression levels 
found between antibodies were statistically signifi cant (p<0.05). A binary logis-
tic regression model was used to adjust for potential confounding factors such 
as histological type. We used the t-test to show a diff erence between the expres-
sion of E-cadherin mRNA in celecoxib and PGE-2 treated cell lines compared 
to controls.

RESULTS
Eff ect of Celecoxib stimulation on gastric cancer cell lines

To investigate the eff ects of COX-2 regulation of E-cadherin, cell lines were 
treated with varying concentrations of celecoxib. All four cell lines exhibited in-
hibition of cell growth in a dose-dependent manner aft er celecoxib treatment. 
Celecoxib treatment for 24 h induced typical apoptotic morphological changes 
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including cytoplasmic blebbing, aggregation and condensation of nuclear chro-
matin, and formation of apoptotic bodies.

All cell lines showed COX-2 and E-cadherin expression in normal cultured 
condition, prior to celecoxib treatment using Western blot analysis. Dose-de-
pendent down-regulation of COX-2 by 75 μM celecoxib was observed in AGS3, 
MKN45, MKN28 and MKN7 cell lines. Th e cell lines were subsequently exam-
ined for  E-cadherin mRNA expression by qPCR. Dose-dependent up-regula-
tion of E-cadherin mRNA by celecoxib at 75 μM was found in AGS3, MKN45 
and MKN28 conventional gastric cancer cell lines (p= 0.004, p= 0.004, p= 0.004 
respectively) compared to untreated controls, with a fold increase in E-cadherin 
mRNA of 2.56 ± 0.08 fold in AGS3, 2.72 ± 0.29 in MKN45 and 1.74 ± 0.17 in 
MKN28. Conversely, a signifi cant down-regulation of E-cadherin mRNA of 0.5 
± 0.05 (p=0.003) was seen aft er celecoxib incubation (75 μM) in MKN7, an 
early-onset gastric cancer cell line.

Figure 1 

The eff ect of celecoxib treatment in AGS3 and MKN7 cell lines.

Cell lines were incubated with the indicated concentration of celecoxib for 24 h, and changes of E-cadherin mRNA and prote-
in levels were determined as described in Material and methods. (*-p<0.05 with respect to untreated cells using T-test)

AGS3 cell line (conventional gastric cancer), A) qPCR and B) Western blot results show fold increase in E-cadherin levels 
compared with untreated control.

MKN7 cell line (EOGC), C) qPCR analysis shows a dose-dependent decrease of E-cadherin mRNA whereas, D) Western blot 
analysis showed a decrease in E-cadherin expression using software analysis, compared to untreated control.
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To explore whether the up-regulation or down-regulation of E-cadherin 
mRNA was accompanied by changes in the protein levels, Western blot analysis 
was performed. Th is analysis showed E-cadherin up-regulation with increasing 
celecoxib concentrations in AGS3, MKN45 and MKN28. Incubation with 75 
μM concentration of celecoxib led to up-regulation of E-cadherin protein of 
2.66 ± 0.88 fold in AGS3, 1.32 ± 0.16 fold in MKN45 and 1.17 ± 0.10 fold in 
MKN28, thus confi rming that the increase in mRNA seen by qPCR, resulted in 
an actual increase in the E-cadherin protein. In the MKN7 cell line, expression 
of E-cadherin decreased by 0.74 ± 0.01, in line with the qPCR result.

Eff ect of PGE-2 stimulation on gastric cancer cell lines

Th e eff ect of PGE-2 exposure of 24 hours on E-cadherin expression levels 
was studied in all four cell lines by qPCR and Western blot. No changes in E-
cadherin mRNA or protein levels were seen in the AGS3, MKN45, MKN28 and 
MKN7 cell lines.

Relation between COX-2 and E-cadherin expression

Th e expression of E-cadherin and COX-2 was examined using a TMA of 
85 conventional cancers and 93 EOGCs, as previously described [20].  COX-
2 immunohistochemical staining was predominantly expressed in the cyto-
plasm.  E-cadherin immunohistochemical expression was observed on the cell 
membrane at varying intensity with occasional clumpy cytoplasmic staining in 
the cytoplasm.  Figure 2 is an example of E-cadherin and COX-2 immunohis-
tochemical staining.

Using a Chi squared test, a signifi cant correlation between COX-2  and E-
cadherin staining was seen in the EOGC group (p=0.005). However, aft er using 
a binary logistic regression model to correct for histology (the EOGC is pre-
dominantly of the diff use type) the correlation was no longer signifi cant.

Th e immunohistochemical results can be seen in Table 2.

Mutation analysis of the E-cadherin gene in gastric cancer 

cell lines

We also investigated the genetic background of E-cadherin in the cell lines, 
in order to ascertain whether the presence of an E-cadherin mutation has any 
impact on the COX-2 regulation of E-cadherin. We tested AGS3, MKN45, 
MKN28 and MKN7 cell lines by analysing all 16 E-cadherin exons and exon-
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intron boundaries. Th e sequencing of the cell lines resulted in identifi cation 
of two mutations that had occurred in the highly conserved sequence, coding 
for the E-cadherin extracellular domain. In AGS3 we found a single nucleotide 
insertion (C) in exon 12 aft er position 1733. Th e insertion leads to a premature 
termination at amino acid 588 resulting in a short form of E-cadherin (55KD) 
visible on Western blot instead of the normal length (120KD). In the MKN45 
cell line, we confi rmed the 18bp deletion in the region of the exon 6 -intron 
6 boundary starting from position -10 and ending at +8; the boundary was 
considered to be at position 0 [26]. Th is mutation leads to a four amino acid 
deletion at position 275-278. In AGS3 and MKN45 cell lines, only the mutant 
DNA sequence was seen, indicating that the wild type allele of E-cadherin was 
lost. No E-cadherin mutations were present in the genomic DNA of MKN28 
and MKN7 cell lines. Interestingly, the cell lines with the strongest celecoxib 
upregulation of E-cadherin were also those containing E-cadherin mutations, 
as can be seen in Table 1.

Table 1 
Eff ect of mutation analysis on COX-2 regulation of E-cadherin in gastric cancer cell 

lines.

Cell 

line

Typ of ga-

stric cancer
Exon Mutation1

Protein 

changes 1

E-cadherin expres-

sion afl er celecoxib at 

75 μM/L treatment

Q-PCR 2 Western 
blot3

AGS 3 Corventional 
gastriccan-
cer

12 c.1733 - 
34insC

p. 
T578TfsXIO

2.56 ± 0.08 2.66 ± 0.88
p = 0.004

MKN45 Conventio-
nal gastric 
cancer

6-jun c.823_832 + 
8de118

p.A275_
G278del

2.72 ± 0.29 1.32 ± 0.16
p = 0.004

MKN28 Conventio-
nal gastric-
cancer

– – – 1.74 ± 0.17 1.17 ± 0.10
p =0.004

MKN7 Earlyonset
gastric can-

cer

– – – 0.5 ± 0.05 0.74 ± 0.01
p = 0.003

1 The results of mutation analysis are based on cDNA sequence in GenBank accession no. NM_004360
2 Data are the mean ± S.D. of three independent experiments performed in duplicate. In contrast to the control group, signifi -

cance diff erence p<0.05 (t-test)
3  Determination of protein expression levels of E-cadherin when cell lines were treated with 75 μM/L celecoxib. Data are the 

mean ± S.D. of at least two independent experiments, and are compared to the control group.
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Figure 2 

Immunohistochemical staining for E-cadherin and for COX-2.

E-cadherin

A - category 3, > 50 % of the tumor cells stained with strong membranous staining,
B – category 2, moderate membranous staining in 10-50% of the cancer cells, C – category 1, weak membranous staining 

(may contain membranous staining in less than 10% of the cancer cells or clumpy cytoplasmic staining), D – category 0, no 
membranous staining.

Categories 0 and 1 were E-cadherin Low; categories 2 and 3 were E-cadherin High;

COX-2

E— category 0, no staining; F— category 1, very weak diff use cytoplasmic staining; G— category 2, moderate-to-strong 
granular cytoplasmic staining in 10–50% and H— category 3, more then 50% of tumor cells with strong intensity.

Categories 0 and 1 were designated COX-2 Low; categories 2 and 3 were designated COX-2 High.
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DISCUSSION
E-cadherin and COX-2 are involved in invasion and metastasis and have 

both been long known as critical molecules in the development of gastric can-
cer [23; 35; 41]. Th e mention of a relationship between these proteins was doc-
umented more recently in non-small cell lung cancer [11] and prostate cancer 
[30] where loss of  E-cadherin together with increased COX-2 expression was 
observed. A link between these two molecules has been only briefl y examined 
in gastric cancer, where etodolac (COX-2 selective inhibitor) reduced cell pro-
liferation and up-regulated the expression of E-cadherin mRNA in the gastric 
cancer cell line MKN45 [25].

Previously, we have shown that COX-2 expression is signifi cantly diff er-
ent in EOGC compared to conventional gastric cancer, with the COX-2 High 
phenotype present in 66% of conventional gastric carcinomas but in only 10% 
of early onset gastric cancers, and this remained signifi cantly diff erent when 
adjusted for histology [20]. Th us whether COX-2 regulation of E-cadherin in 
conventional gastric cancer occurs, and whether this diff ers in early-onset gas-
tric cancer is of great interest.

Here we present the fi rst report of a relationship between COX-2 and E-
cadherin expression in diff erent sub-types of gastric cancer. We fi nd that down-
regulation of COX-2 by celecoxib led to up-regulation of E-cadherin mRNA 
and protein levels in conventional gastric cancer cell lines.

In contrast to the dramatic eff ect seen in conventional cell lines, the MKN7 
EOGC cell line showed a down-regulation of E-cadherin mRNA and protein 
levels aft er celecoxib treatment. Th is is not unexpected, considering the highly 
signifi cant diff erence in expression of COX-2 seen between these two gastric 

Table 2 
Results of Immunohistochemistry

Early-onset Gastric

Cancer
COX-High E-cadherin-Low

- diff use (66) 1/66 (1.5%) 32/66(48%)

- intestinal (20) 8/20 (40%) 7/20 (35%)

- mixed (7) 0(0%) 4/7 (29%)

Conventional Gastric Cancer
- diff use (29) 16/29 (55%) 15/29 (52%)

- intestinal (49) 33/47 (70%) 7/47 (15%)

- mixed (11) 8/9 (89%) 4/9 (44%)
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cancer sub-types [20].  However, it is also of importance to consider, that an up-
regulation of E-cadherin in vivo, as would be suggested by the downregulation 
seen on COX-2 inhibition by celecoxib, would have no biological or evolution-
ary advantage to the tumour cells, and thus it probably represents an in-vitro 
phenomenon only. In this study, all cell lines used were of the intestinal type. 
Th is refl ects the diffi  culty of constructing diff use cell lines [22] but in addi-
tion, it aids the comparisons between EOGC and conventional cell lines, as 
the diff erences in results seen are at least not due to diff erent histological type. 
Inevitably, the extrapolating of this mechanism of COX-2 mediated E-cadherin 
regulation into primary tumours in vivo, at this point remains somewhat spec-
ulative, as are all fi ndings which have been discovered through manipulation 
of cell lines.

Interestingly, this clear relationship between COX-2 and E-cadherin in 
gastric cancer cell lines was not replicated by the TMA immunohistochemical 
fi ndings, where aft er adjusting for histology, no correlation between COX-2 
expression and E-cadherin expression was found. Th is may implicate a tempo-
ral relationship of this  COX-2/E-cadherin interaction which cannot be seen in 
paraffi  n embedded material as it refl ects only one time point of the cells. Addi-
tionally, it is known that COX-2 overexpression can be observed at the invasive 
front of gastric tumors [42], and it remains possible that COX-2 regulation of 
E-cadherin may be a local event occurring at distinct sites during tumor pro-
gression in gastric cancer, which would not be refl ected in a TMA, where tumor 
has mainly been sampled from the middle of the tumor.

When considering a COX-2 dependent mechanism of E-cadherin regula-
tion, the eff ect of an E-cadherin mutation on such a mechanism warrants inves-
tigation in order to ascertain whether they are mutually exclusive. Interestingly, 
in the two cell lines where a CDH1 mutation was found, a signifi cant up-regu-
lation of E-cadherin occurred in response to celecoxib stimulation even in the 
presence of the mutations and was observed on both mRNA and protein levels. 
Methylation of the promoter region is also a commonly occurring mechanism 
in downregulation of E-cadherin in carcinogenesis, and it would be of interest 
to investigate whether COX-2 mediated  E-cadherin regulation could still oc-
cur in the presence of E-cadherin promotor hypermethylation.

Th e mechanism by which COX-2 mediated E-cadherin regulation occurs, 
has been said to involve the transcriptional repressors ZEB1 and Snail in non-
small cell lung cancer (NSCLC). Prostaglandin E2 has been shown to down-
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regulate E-cadherin expression in NSCLC by up-regulating ZEB1 and Snail 
[32]. Th e fi ndings implicate PGE2 as an autocrine or paracrine modulator of 
ZEB1 and Snail and defi ne a pathway by which COX-2 decreases E-cadherin 
expression in NSCLC by binding the E-boxes present in the E-cadherin pro-
moter [11].

However, no signifi cant association between Snai1 and SNAI2 and clinical 
parameters has been observed, and contradictory expression data for the same 
tumour type have been reported by diff erent groups [3; 9; 12]. Th ese discrep-
ancies might be due to technical issues, possibly derived from the undefi ned 
specifi city of most commercial anti-SNAI1 and 2 antibodies and, importantly, 
from the inappropriate assessment of nuclear staining and/or the discrimina-
tion between cytoplasmic and nuclear Snail stain found in most studies. Un-
fortunately, these drawbacks mean that the data available regarding Snai1 and 
SNAI2 expression in tumour samples must be interpreted with care [28]. In 
addition, although studies on the expression of Snail by reverse transcription 
PCR (RT-PCR) from whole tumour samples might overcome the uncertain-
ties derived from immunohistochemistry, they are not suitable for diff erential 
cellular localization or detection in specifi c tumour regions such as invasive ar-
eas. Furthermore, additional problems with interpretation of RT-PCR data can 
arise from the existence of a SNAI1P human retrogene with a sequence very 
similar to SNAI1 but whose expression is not correlated with invasive or meta-
static behaviour [17]. We have examined both Snail and ZEB-1 using immuno-
histochemistry and Western blot analysis, yet the results obtained were neither 
reliable nor reproducible in our gastric cancer cohort of 178 patients (data not 
included). In addition, there are suggestions that SIP-1 acts as a repressor of 
E-cadherin in intestinal type gastric cancer, whereas Snail acts in diff use type 
gastric cancer [34]. How these repressors may be involved in COX-2 mediated 
E-cadherin regulation in gastric cancer is yet to be accurately defi ned.

In summary, this is the fi rst report to identify a relationship between COX-
2 and E-cadherin expression in diff erent sub-types of gastric cancer. Th e results 
show that COX-2 has an impact on transcriptional regulation of E-cadherin 
in gastric cancer and it is possible that inhibition of COX-2 function can help 
maintain the integrity of tumor cells, restore E-cadherin expression and pre-
vent the progression of gastric cancer to distant metastases in patients with 
a conventional gastric cancer. An explanation for the disparate expression of 
COX-2 in diff erent sub-types of gastric cancers and COX-2 driven regulation 
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of E-cadherin remains of great interest. Our fi ndings highlight the intriguing 
nature of EOGCs which appear to have a distinct molecular phenotype and 
suggest that reduction of COX-2 using nonsteroidal anti-infl ammatory drugs 
in gastric cancer chemoprevention may only be relevant for older patients.
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ABSTRACT
COX-2 overexpression is known to be an important mechanism in gastric 

carcinogenesis. Previously we have found that early-onset gastric cancer has 
a unique COX-2 low expressing phenotype that diff ers signifi cantly from that 
of the frequent overexpression seen in conventional gastric cancers. In order to 
investigate whether the COX-2 –765 G>C promoter polymorphism (known to 
lead to a reduction of the COX-2 promoter activity in the colon) may explain 
this diff erence in expression, we carried out single nucleotide polymorphism 
(SNP) analysis of 241 gastric cancers including  early-onset gastric cancer, con-
ventional gastric cancers and gastric stump cancers as well as in 100 control 
patients, using real-time PCR technology and sequence analysis, and corre-
lated these fi ndings with COX-2 expression using immunohistochemistry. We 
found that the C allele was present in 30 % of early-onset gastric cancers, 24% 
of conventional gastric cancer, 23% of stump cancers, in contrast to 41% in the 
control group. Th ere was a statistically signifi cant diff erence in the presence 
of the C allele in patients with gastric cancer compared to the control group 
(p=0.007), with the C allele being associated with protection against gastric 
cancer. However there was no signifi cant diff erence between the early-onset, 
conventional and stump gastric cancer groups. Interestingly, there was no cor-
relation between the presence of the C allele and a diff erence in COX-2 expres-
sion.

In summary, we show that the COX-2 –765 G allele promoter polymorphism 
is signifi cantly associated with gastric cancer when compared to the normal 
control group but does not appear to be related directly to COX-2 expression 
pattern in gastric cancer. Although early-onset gastric cancers appear to have 
a unique COX-2 expression pattern when compared to conventional gastric 
cancer, the exact mechanism by which this occurs is yet to be elucidated.

INTRODUCTION
Gastric cancer is the second most common cause of cancer-related death 

in the world [17]. It exists as two main histological types, diff use and intes-
tinal, as described by Laurén [12], and is thought to result from a combina-
tion of environmental factors and accumulation of specifi c genetic alterations, 
and consequently mainly aff ects older patients. COX-2 is an inducible enzyme 
and produces prostaglandins in response to various infl ammatory stimuli or 
growth factors. Expression of COX-2 is elevated in gastric adenocarcinomas as 
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compared to the non-neoplastic mucosa [18] and is predominantly expressed 
in intestinal-type gastric carcinomas and its precursor lesions [19, 24]. COX-
2 overexpression has been associated with an inhibition of apoptosis [20], an 
increased metastatic potential [15] and neoangiogenesis [23].

Interestingly, we have previously found [14] that COX-2 expression var-
ies signifi cantly between early onset gastric cancers (presenting at ≤ 45 years 
old, EOGC) and conventional cancers (presenting > 45 years old), with COX-2 
overexpression occurring rarely in early onset gastric cancers. In light of studies 
showing the reduced risk of gastric cancer in non-steroidal anti-infl ammatory 
drug users [1, 8, 11], our results may have clinical implications, as they suggest 
that this reduced risk may apply only to gastric cancers in older patients, as 
COX-2 does not appear to play an important role in early onset gastric cancer. 
It also implies that genetic changes typical for conventional tumors more read-
ily induce COX-2 expression than those associated with early onset gastric can-
cer. Th e mechanism behind this diff erence in COX-2 regulation and expression 
in these sub-types of gastric cancer is intriguing.

Transcriptional regulation has been shown to be the major mechanism in 
regulating the expression of COX-2, although posttranscriptional mechanisms 
such as increased stability of COX-2 mRNA (e.g. via HuR) also seem important 
[14]. Th e expression of COX-2 is regulated by a complex signal transduction 
pathway in which many nuclear proteins interact with the COX-2 promoter 
region and play a decisive role in gene transcription [5]. Naturally occurring 
single nucleotide polymorphisms (SNPs) in the COX-2 promoter may there-
fore have great impact on gene transcriptional activity by altering the binding 
capability with certain nuclear proteins, resulting in inter-individual variability 
in susceptibility to cancer and in response to the treatment of patients with 
COX-2 inhibitors. Indeed, Papafi li et al [16] have described a polymorphism in 
the promoter region of COX-2, characterized by a guanine (G) to cytosine (C) 
transition at position -765 (-765G>C). Th is polymorphism appears to disrupt 
a Stimulatory protein 1 (Sp1) binding site, which is considered to be a positive 
activator of transcription and leads to a 30% reduction of the COX-2 promoter 
activity in vitro [16] and is also known to be associated with decreased COX-2 
expression in the colon [2].

In this study, we examine the distribution of the COX-2 -765 G>C polymor-
phism in 241 gastric cancers (including EOGC, conventional gastric cancer 
and gastric stumps cancers) and 100 control patients using real-time PCR with 
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MGB fl uorescent probes and sequence analysis and we investigate the relation-
ship with COX-2 expression in gastric cancer using immunohistochemistry.

MATERIALS AND METHODS

Patients

Ninety six conventional gastric cancers (>45 years old), diagnosed between 
1993 and 2003, were obtained from the Academic Medical Centre, Amsterdam, 
together with 30 gastric stump cancers from the Amsterdam post-gastrectomy 
cohort [22]. One hundred and fi ft een cases of gastric carcinoma in patients un-
der 45 years of age, 90% diagnosed between 1994 and 2002 and 10% diagnosed 
between 1980-1994, were obtained from 24 diff erent institutions throughout 
the Netherlands through the nationwide database system, and from the De-
partment of Pathology at the Jorvi Hospital (Espoo, Finland). Th e tumors were 
classifi ed by an experienced gastrointestinal pathologist (GJAO) according to 
the Laurén classifi cation as intestinal, diff use or mixed gastric adenocarcino-
mas, as can be seen in Table 1. Th e control group consisted of 100 DNA samples 
from healthy men, recruited from the department of endocrinology at the Aca-
demic Medical Center, Amsterdam as published previously [25].

DNA isolation

DNA was isolated from formalin fi xed tissue using the QIAamp DNA Mini 
Kit (Qiagen, Venlo, Th e Netherlands) or the Puregene DNA Isolation Kit (Gen-
tra, Minneapolis, USA) according to the manufacturers instructions. Normal 

Table 1 
Patients characteristic.

No of patients Age/range Histology

Early onset gastric cancer 
(EOGC)

115 ≤45
(21- 45 years)

Intestinal-25 (22%)
Diff use-80 (70%)
Mixed-10 (9%)

Conventional gastric cancer 96 >45
(47- 86 years)

Intestinal-49 (51%)
Diff use-36 (38%)
Mixed-11 (11%)

Gastric stump cancer (GSC) 30 (54-85 years) Intestinal-26 (87%)
Diff use-2 (7%)
Mixed-2 (7%)

Control group 100 (22-52 years) None
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tissue was obtained from a tumor-free lymph node, or where necessary from 
tissue with a small component of neoplastic cells.  DNA concentrations were 
measured using the NanoDrop spectrophotometer (Isogen Life Science, IJs-
selstein, Th e Netherlands).

Real-time PCR

Th e polymorphism 765G>C in the promoter region of COX-2 was de-
tected using the LightCycler 2.0 (Roche, Mannheim, Germany) with
5’-cattaactatttacagggtaactgcttagg-3’ and 5’-ccccctccttgtttcttgga-3’ (Applied 
Biosystems Foster City, USA) as primers and the MGB fl uorescent probes
6-FAM-5’-CTTTCCCGCCTCTCT-3’, and TET-5’-CTTTCCCCCCTCTCT-3’ 
(Applied Biosystems Foster City, USA) in a 20μl reaction mixture containing 
10μl QuantiTect Probe PCR Kit (Qiagen, Leusden, Th e Netherlands), 10 pmol 
forward and reverse primer, 2 pmol of each probe and 50ng genomic DNA. 
PCR conditions were as follows: 94oC for 15 minutes followed by 45 cycles of 
94oC for 15 seconds and 60oC for 30 seconds. In each run three positive con-
trol samples (GG, GC and CC allele) as confi rmed on sequencing were used 
together with water as a negative control.

Sequencing

To confi rm our result from real-time quantitative PCR, 10% of the sam-
ples were sequenced. Th e promoter region was amplifi ed using the primers
5’-gcatacgttttggacatttag-3’ (forward) and 5’-ctaccttcagtgtacatagc-3’ (reverse) 
(Applied Biosystems Foster City, USA). PCR products were purifi ed using 
the QIAquick PCR Purifi cation Kit (Qiagen), according to the manufacturer’s 
instructions. Th e sequences were analyzed on an ABI 3100 automated sequenc-
er (Applied Biosystems) using the ABI Big Dye Terminator Cycle Sequence 
Kit (Applied Biosystems, Foster City, USA) and the forward internal primer 
5’-gttttggacatttagcgtcc-3’(Applied Biosystems Foster City, USA). Sequences 
of control samples kindly obtained from Pathology Department at the Johns 
Hopkins Medical Institute (Baltimore, USA) were also confi rmed using this 
method.

Immunohistochemistry

COX-2 immunohistochemistry was carried out on tissue microarrays 
(TMA) when available (n=184) and as previously described [14]. In 51 cases 
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it was performed on whole tissue sections and in 6 cases tumor tissue was no 
longer available or unassessable on the TMA. Sections (4 μm) were deparaffi  n-
ized and antigen retrieval was carried out by 10 minutes of boiling in 0.01 M 
Na-citrate buff er (pH 6.0), followed by immersion in 0.03% hydrogen peroxide 
in methanol for 20 min. Non-specifi c binding sites were blocked by preincuba-
tion with and 0.01 M Tris, 0.1 M MgCl2, 0.5% Tween-20, 1% BSA, 5% normal 
goat serum for 1h. Incubation of the primary antibody was carried out using 
monoclonal COX-2 antibody at a dilution of 1:100 (Cayman Chemical Co., 
Ann Arbor, USA) at 4oC overnight. Antibody binding was visualized using 
the Powervision+poly-HRP detection system (ImmunoVision Technologies, 
Daly City, CA, USA) with3,3 amino-9-EthylCarbazole (Sigma-Aldrich, Zwi-
jndrecht, Th e Netherlands) as chromogen. Sections were counterstained with 
haematoxylin.

Scoring

Th e overall score of the tumor was the highest score found. Th e following 
scoring criteria of the tumor cells were used: 0, no staining; 1, weak diff use 
cytoplasmic staining (may contain stronger intensity in less than 10% of the 
cancer cells); 2, moderate to strong granular cytoplasmic staining in 10-50% of 
the cancer cells; 3, >50% of the tumor cells stained with strong intensity. Scores 
0 and 1 were categorized as “COX-2 low” and scores 2 and 3 as “COX-2 high” 
for the statistical analyses [3]. No slides showed increased negative staining 
around the edges and the age of the block was of no infl uence on immunohis-
tochemical staining.

Statistics

Th e SPSS 14.0 soft ware package was used for statistical analysis.
A Chi-squared test was applied to the groups of gastric cancer to determine 

whether there was a statistical diff erence (p<0.05), between the presence of C or 
G allele as well as to examine the correlation between the presence of the C or G 
allele and COX-2 overexpression. A binary logistic regression model was used 
to adjust for potential confounding factors such as location (cardia or body in 
the case of EOGC and conventional gastric cancer) and histological type.
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RESULTS

Distribution of the COX-2 -765 G → C polymorphism

Th e distribution of the COX-2 -765 promoter polymorphism was examined 
in 241 cases of gastric cancer, including 96 conventional gastric cancers, 115 
EOGCs and 30 gastric stump cancers as well as in 100 healthy control cases, 
as can be seen in Table 2. All genotypic distributions were in Hardy-Weinberg 

equilibrium (p ≥ 0.05). Of note the frequencies of the three genotypes (GG, GC, 
and CC) were similar in EOGC, conventional gastric cancer, and stump cancer, 
with no statistical diff erence between groups using a χ2 test. Th ere was a sta-
tistically signifi cant diff erence in the presence of the C allele in patients with 
gastric cancer (EOGC, conventional gastric cancer and gastric stump cancer) 

Figure 1 

COX-2 immunohistochemistry.

(a) Category 0, no staining; (b) category 1, weak diff use cytoplasmic staining (may contain stronger intensity in less than 
10% of the cancer cells); (c) category 2, moderate to strong granular cytoplasmic staining in 10–50% of the cancer cells; (d) 
category 3,450% of the tumor cells stained with strong intensity. For statistical analysis, scores 0 and 1 were categorized as 
COX-2 low and scores 2 and 3 as COX-2 high.
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compared to the control group (p=0.007), with the G allele being associated 
with gastric cancer. Th ere was also no association between the presence of any 
one polymorphism and histological type.

Table 2 
Prevalence of -765G>C COX-2 genotype.

COX-2 -765 geno-

type*

Early-onset Ga-

stric Cancer

Conventional 

Gastric Cancer

Gastric Stump 

Cancer
Controls

GG 80/115 (70 %) 73/96 (76 %) 23/30 (77 %) 59 
(59%)

GC 33/115 (29 %) 19/96 (20 %) 5/30 (17 %) 32 
(32%)

CC 2/115 (2 %) 4/96 (4 %) 2/30 (7 %) 9 (9%)
Presence of C allele 30 % 24 % 23 % 41 %

*All percentages rounded to the nearest digit

Table 3 
COX-2 Expression Patterns in Gastric Cancer.

Immunohistochemi-

stry

Early-onset Gastric 

Cancer

Conventional Ga-

stric Cancer

Gastric Stump 

Cancer

COX-Low 95/110 (86 %) 29/95 (31 %) 12/30 (40 %)
COX-High 15/110 (14 %) 66/95 (69 %) 18/30 (60 %)

COX-2 expression in gastric cancer

Expression of COX-2 was assessed by immunohistochemistry in 235 of 
the gastric cancers which were subject to polymorphism analysis including 
EOGC, conventional gastric cancer and stump cancers as can be seen in Table 
3. Of note, 94 of the EOGCs and 90 cases of conventional gastric cancers de-
scribed in Table 3 have been previously published [14], whereby a statistically 
signifi cant diff erence (p <0.001) was seen between EOGC and conventional 
gastric cancer, with EOGC having a COX-2 Low expressing phenotype, as well 
as a statistically signifi cant association with the intestinal phenotype (p <0.001). 
Th is statistical diff erence remained when adjusted for histology and location 
using a binary logistic regression model (p <0.001). Th ey have been included 
here for comparison with the gastric stump cancers and for the association with 
the COX-2 -765 polymorphism.

We found that the COX-2 expression profi le of gastric stump cancers bears 
similarity to that of conventional gastric cancers, with no statistical diff erence 
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between these two groups (p=0.25) and thus the EOGC group remained sig-
nifi cantly diff erent from gastric stump and conventional gastric cancers with 
respect to COX-2 expression (p<0.001). Th ere was no signifi cant correlation 
between COX-2 expression and -765 genotype (p=0.22).

DISCUSSION
Th e diseases in which a role for COX-2 has been shown are usually charac-

terized by varying individual and even ethnic susceptibility, implying the role 
of genetic factors [4]. Th e specifi c function of COX-2 in the formation of pros-
taglandins makes it a strong candidate for increasing susceptibility to common 
cancers. Genetic polymorphisms that alter the level of protein expressed would 
be anticipated to have a substantial infl uence on disease activity. Several single 
nucleotide polymorphisms (SNPs) in COX-2 have been reported previously, 
but many of these polymorphisms seem to be functionally insignifi cant and not 
associated with susceptibility to cancer [6, 9, 21]. However, it has been shown 
that the -765G>C COX-2 polymorphism has been reported to disrupt an Sp1-
binding site and displays a lower promoter activity [16] and interestingly, a 
higher COX-2 expression has been found in the normal mucosa of patients 
with FAP who carried the -765GG polymorphism [2], than carriers of the C 
allele. Th ese fi ndings awaken curiosity within the fi eld of gastric cancer, as to 
whether it may also play a role here.

In this study, we sought to identify the distribution of the -765 G>C poly-
morphism in the promoter of the human COX-2 gene in early-onset gastric 
cancer, conventional gastric cancer and gastric stump cancers. In addition we 
looked at the eff ect of this polymorphism on COX-2 expression. We found that 
the G allele was associated with gastric cancer including early-onset gastric 
cancer, conventional gastric cancer and gastric stump cancers, thus the C al-
lele showed a protective eff ect and there was no signifi cant diff erence between 
histological type. In addition we found no correlation between the presence of 
the G allele and overexpression of the COX-2 protein in either gastric cancer 
or normal mucosa.

An association between the −765C allele and increased risk to esophageal 
squamous cell carcinoma has been demonstrated previously [26] and an in-
creased risk of colon cancer in Singapore Chinese who consume high amounts 
of n-6 polyunsaturated fatty acids has also been associated with this polymor-
phism [10]. However, a study in Japan showed no association between the 
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-765G>Cpolymorphism and risk of colorectal cancer [7]. Th e role of this poly-
morphism in gastric cancer has been variable and the literature is inconclu-
sive. Liu et al found that subjects who carried the −1195AA genotype, another 
COX-2 promoter polymorphism, had an increased risk of gastric cancer and 
a signifi cant increase in COX-2 expression [13], however they failed to show 
any association with the -765G>C polymorphism and gastric cancer. Th is may 
be due the fact that the variant genotypes [4] of the -765G>C polymorphism 
were rare in the population of their study (<1%), whereas in our study group 
we saw the CC genotype in 9 % of our control group (which consisted of 100 
healthy males as described previously) [25]. Additional controversy in the lit-
erature lies with a study by Pereira et al, where an association with the C allele 
and gastric cancer was reported. Th is is unexpected, as the described decrease 
in expression has been reported in association with the C allele [2, 16]. One 
would thus expect that the G allele, is responsible for conferring an increased 
susceptibly to gastric cancer. However, contrary to the study by Brosens et al 
[2] where they found a correlation between COX-2 expression in the normal 
mucosa and the -765 polymorphism, we fi nd no relationship between the -765 
COX-2 polymorphism and expression in either the tumor or normal tissue, and 
thus the situation in the stomach does not appear to mirror that of the intestine 
in this regard. However, despite showing an association with the C allele and 
gastric cancer, Pereira et al also describe that their results revealed a possible 
protective role for –765C carriers, a fi nding which is confi rmed with statistical 
signifi cance in our current study. Previous studies have shown that SNPs in 
the COX-2 gene vary greatly in diff erent ethnic populations [2, 16], providing 
a possible explanation for the discrepancy within the literature in relation to 
gastric cancer.

In summary, we show that the COX-2 –765 G allele promoter polymor-
phism is signifi cantly associated with gastric cancer including early-onset gas-
tric cancer, conventional gastric cancers and gastric stump cancer when com-
pared to the normal control group but does not appear to be related directly to 
COX-2 expression patterns in the stomach. Although EOGCs appear to have 
a unique COX-2 expression pattern when compared to conventional gastric 
cancer, the exact mechanism by which this occurs is yet to be elucidated.
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ABSTRACT
It has been reported that interleukin-1beta (IL-1B) genes play a crucial role 

in the genetic predisposition to gastric cancer although there is no information 
about their role in diff erent sub-types of gastric cancer. We performed single 
nucleotide polymorphism (SNP) analysis of IL-1B in 241 gastric cancers in-
cluding early-onset gastric cancers (EOGC), conventional gastric cancers and 
gastric stump cancers (GSC) as well as 100 control patients, using real-time 
PCR and sequence analysis. Th e C allele was present in 60% of EOGCs, 59% 
of conventional gastric cancers and 90% of GSCs, compared to 62% in the 
control group. Interestingly, there was no diff erence between early-onset and 
conventional gastric cancer with respect to the IL-1B –31T>C polymorphism 
distribution. A statistically signifi cant diff erence in the presence of the C allele 
compared to the control group was found in patients with gastric stump cancer 
(p=0.008) with the T allele conferring protection against gastric stump cancer.

In summary, we have shown that the IL-1B -31C allele promoter polymor-
phism is signifi cantly associated with gastric stump cancer compared to the 
control group. Although several molecular diff erences have been identifi ed be-
tween conventional gastric cancer and early onset gastric cancer, the IL-1B -31 
allele distribution is similar between these two groups.

INTRODUCTION
Although gastric cancer incidence decreases worldwide, it is still the second 

most common cause of cancer-related death in the world [35]. According to 
the Laurén classifi cation [24], gastric cancer is divided into two main histologi-
cal types, diff use and intestinal. Gastric cancer results from a combination of 
environmental factors and accumulation of specifi c genetic alterations. In con-
ventional gastric cancer (presenting > 45 years old) environmental factors play 
a more important role, compared to early onset gastric cancer (presenting at 
≤ 45 years old, EOGC) where it is postulated that genetic factors may be more 
important [20]. We have previously shown that molecular diff erences exist be-
tween conventional gastric cancer and EOGC [4-6, 29-32]. Apart from cases 
of hereditary gastric cancer, it remains unclear what predisposes the young pa-
tients to gastric cancer at such an early age.

Helicobacter pylori (H. pylori), is a Class I carcinogen [16], and is the main 
environmental factor causing gastric cancer [11, 36]. H. pylori infection has 
been shown to range from approximately 60% in the general population to ap-
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proximately 84% in patients with gastric cancer [36]. Only a few papers about 
H. pylori infection in gastric cancer patients younger than 40 years have been 
published, all showing an association between gastric cancer and H. pylori in-
fection [21, 28, 37]. H. pylori is involved in both intestinal and diff use-type of 
gastric cancer, the latter being more common in EOGC [37].

Interleukin-1beta (IL-1B) is a key pro-infl ammatory cytokine, which regu-
lates the expression of several genes involved in infl ammation. IL-1β is an en-
dogenous inhibitor of gastric acid secretion and is important in initiating and 
enhancing the infl ammatory response to H. pylori infection [34, 43]. Although 
the production of IL-1B depends on several factors, there is increasing evi-
dence that the genetic background plays a major role. Th erefore single nucle-
otide polymorphisms (SNPs) in the IL-1B gene may be of importance in gene 
transcriptional activity.

Several single nucleotide polymorphisms in IL-1B have been studied, but 
many of these seem to be functionally insignifi cant and not associated with 
predisposition to cancer [7]. Th ere are two biallelic polymorphisms at posi-
tions -31 and -511 in the promoter region of IL-1B, of which the -31C allele 
and the -511T allele are in positive linkage disequilibrium and associated with 
gastric cancer risk. It has been reported that carriers of the IL-1B -31C allele, 
showed higher plasmatic concentrations of IL-1B than subjects with wildtype 
IL-1B genotype [14]. Upregulation of IL-1B is involved in tumour promoting 
eff ects such as invasiveness [40], angiogenesis [38], and metastasis [45] and has 
been recognized as negative prognostic factor, mainly in metastatic cancer [27]. 
Conversely, an association between peptic ulcer and the IL-1B -31T polymor-
phism has been described [8, 9]. Bearing this information in mind, the IL1-B 
status of patients with EOGC is of great interest. Whether these patients have 
a genetic predispostition for the carcinogenic pathway in response to H. pylori 
infection has never been investigated.

Several independent groups have found an association between partial gas-
trectomy (mostly aft er gastroduodenal ulcers) and increased risk for develop-
ment of gastric cancer [33, 39]. Th ese so-called gastric stump cancers (GSCs) 
are carcinomas occurring in the gastric remnant at least 5 years aft er surgery 
for a benign disease [42]. Th is represents a novel group in terms of IL1-B poly-
morphisms in that they are patients who have a predisposition for gastroduo-
denal ulcers yet have also developed gastric cancer. Th e IL1-B status of gastric 
stump cancers has never been studied to date.
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In this study, we examined the distribution of the IL-1B -31T>C polymor-
phism in 241 gastric cancers including EOGC, conventional gastric cancer and 
GSC using real-time PCR and sequence analysis and we investigated the rela-
tionship of IL1-B status with histology and location of the tumor.

MATERIALS AND METHODS

Patients

We used ninety six conventional gastric cancers (>45 years old) obtained 
from the Academic Medical Centre, Amsterdam diagnosed between 1993 
and 2003. One hundred and fi ft een early onset gastric cancers (≤45 years old) 
diagnosed between 1980 and 2002, were obtained from 24 diff erent institu-
tions throughout the Netherlands through the nationwide database system, 
and from the Department of Pathology at the Jorvi Hospital (Espoo, Finland) 
and 30 gastric stump cancers from the Amsterdam post-gastrectomy cohort 
[41]. Th e control group consisted of 100 DNA samples from the department 
of endocrinology at the Academic Medical Center, Amsterdam as published 
previously [44]. Th e tumors were classifi ed by an experienced gastrointestinal 
pathologist (GJAO) according to the Laurén classifi cation, as can be seen in Ta-
ble 1. Helicobacter pylori vacA s region genotype and the presence of the cagA 
gene was known for 29 of the EOGC cases as detected by PCR followed by aga-
rose gel electrophoresis, and as published previously [6]. H. pylori infection was 

Table 1 
Patients characteristics.

No of pa-

tients
Age/range Histology Location

Early onset 

gastric cancer 

(EOGC)

115 ≤45
(21- 45 years)

Intestinal-25 
(22%)

Diff use-80 (70%)
Mixed-10 (9%)

Cardia-9 (8%)
Non-cardia-66 

(57%)
Unknown-40 (35%)

Conventional 

gastric cancer

96 >45
(47- 86 years)

Intestinal-49 
(51%)

Diff use-36 (38%)
Mixed-11 (11%)

Cardia-49 (51%)
Non-cardia-41 

(43%)
Unknown-6 (6%)

Gastric stump 

cancer (GSC)

30 (54-85 years) Intestinal-26 
(87%)

Diff use-2 (7%)
Mixed-2 (7%)

Unknown

Control group 100 (22-52 years) None None
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detected in 11 of 29 (37.9%) of these cases, a percentage which is in accordance 
with published data concerning Th e Netherlands population [25].

DNA isolation

DNA was isolated from formalin fi xed tissue using the QIAamp DNA Mini 
Kit (Qiagen, Venlo, Th e Netherlands) or the Puregene DNA Isolation Kit (Gen-
tra, Minneapolis, USA) according to the manufacturers instructions. Normal 
tissue was obtained from a tumor-free lymph node, or where necessary from 
tissue with a small component of neoplastic cells. DNA concentrations were 
measured using the NanoDrop spectrophotometer (Isogen Life Science, IJs-
selstein, Th e Netherlands).

Real-time PCR

Th e polymorphism -31T>C in the promoter region of IL-1B was detected 
using the LightCycler 2.0 (Roche, Mannheim, Germany) with 5’-cccctttcctt-
taacttgattgtgaaatc-3’ and 5’-aggtttggtatctgccagtttctc-3’ (Applied Biosystems 
Foster City, USA) as primers and the fl uorescent probes 6-FAM-5’-CTGTTTT-
TATAGCTTTCA-3-MBG’, and VIC-5’-CTGTTTTTATGGCTTTCA-3’-MGB 
(Applied Biosystems, Foster City, USA) in a 20μl reaction mixture containing 
10μl QuantiTect Probe PCR Kit (Qiagen, Leusden, Th e Netherlands), 10 pmol 
forward and reverse primer, 2 pmol of each probe and 50ng genomic DNA. 
PCR conditions were as follows: 94oC for 15 minutes followed by 45 cycles of 
94oC for 15 seconds and 60oC for 30 seconds. In each run three positive control 
samples (TT, TC and CC allele) as confi rmed twice on sequencing were used 
together with water as a negative control.

Sequencing

To confi rm the results from the real-time PCR, 10% of the samples were 
sequenced. Th e promoter region was amplifi ed using the primers (forward)
5’-cccctttcctttaacttgattgtgaaatc-3’ and (reverse) 5’-aggtttggtatctgccagtttctc-3’ 
(Applied Biosystems). PCR products were purifi ed using the QIAquick PCR 
Purifi cation Kit (Qiagen), according to the manufacturer’s instructions. Th e se-
quences were analyzed on an ABI 3100 automated sequencer (Applied Biosys-
tems) using the ABI Big Dye Terminator Cycle Sequence Kit (Applied Biosys-
tems) and the Genescan 2.1 soft ware.
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Statistics

Th e SPSS 14.0 soft ware package was used for statistical analysis.
A Chi-squared test was applied to determine whether there was a statistical 

diff erence between the presence of the C and T allele (p<0.05).
Th e Hardy-Weinberg equilibrium was assessed using the Chi-squared test. 

A multinominal logistic regression model was used to calculate the odds ratio 
for developing gastric cancer depending on SNP status, and also for adjusting 
for histological type and location (proximal versus distal only for EOGC and 
conventional gastric cancer).

RESULTS
Th e identifi cation of a genetic risk profi le for gastric cancer could help 

the populations most at risk. Th erefore we evaluated the role of IL-1B -31T>C 
promoter polymorphism in diff erent sub-types of gastric cancer. Th e distribu-
tion of the IL-1B -31T>C polymorphism was examined by real-time PCR (see 
Figure 1) in 241 cases of gastric cancer, including 96 conventional gastric can-
cers, 115 EOGCs and 30 GSCs as well as in 100 healthy control cases, and these 
results can be seen in Table 2, where the number of each specifi c genotype can 
be seen for each subtype of gastric cancer.

In terms of carriage of the C allele, this was found in 60% of EOGCs, 59% 
of conventional gastric cancer, 90% of GSCs and 62% of controls, as seen in 
the bottom row of Table 2. Th e IL-1B polymorphism status was confi rmed in 
10% of our study populations, using sequence analysis, an example of which 
can be seen in Figure 1. All genotypic distributions were in Hardy-Weinberg 

equilibrium (p ≥ 0.05).
A logistic regression model was used to determine the statistical likelihood 

of developing diff erent sub-types of gastric cancer depending on the IL-1B SNP 
status. In this regression model, carriage of the C allele was compared between 
the diff erent types of gastric cancer, with adjustments made for both histol-
ogy and location of the tumor (for the categories of EOGC and conventional 
gastric cancer) and corrected for histology only in the case of stump cancers. 
In patients with GSC carriage of the C allele conferred a signifi cant increased 
risk of the development of gastric cancer with respect to the controls (p=0.008, 
OR=5.52, 95% confi dence interval 1.57 – 19.43). Carriage of the C allele (gen-
otypes CT and CC) in both EOGC and conventional gastric cancer did not 
confer an increased risk of gastric cancer with respect to the control group 
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(p=0.76, OR 0.92, 95% confi dence interval 0.53 – 1.59 and p=0.71, OR 0.9, 95% 
confi dence interval 0.51 – 1.59 respectively).

Table 2 
Prevalence of IL-1B -31T>C genotype.

Genotype of IL-1β

-31T>C *

Early-onset Ga-

stric Cancer

Conventional 

Gastric Cancer

Gastric Stump 

Cancer
Controls

CC 17/115 (15 %) 21/96 (22 %) 8/30 (27 %) 19 (19 %)
TC 52/115 (45 %) 36/96 (37 %) 19/30 (63 %) 43 (43 %)
TT 46/115 (40 %) 39/96 (41 %) 3/30 (10 %) 38 (38 %)
Carriage of the C allele 60 % 59 % 90 % 62 %

*All percentages rounded to the nearest digit

Using a logistic regression model, the genotype distribution was also com-
pared between EOGC, conventional gastric cancer, GSC and the control group. 
In the gastric stump cancer group, the CC and CT genotype predisposed to gas-
tric cancer with an OR of 5.33 (p = 0.022, 95% confi dence interval 1.27-22.44) 
and 5.6 (p = 0.009, 95% confi dence interval 1.54-20.40) respectively. No dif-
ference was found in genotype distribution between EOGCs and conventional 
gastric cancers and the control group.

In addition, the IL-1β -31T>C genotype or carriage of the C allele did not 
predispose to a specifi c location of gastric cancer (cardia versus non-cardia, 
applicable to EOGC and conventional gastric cancers only) or to a histological 
type.

DISCUSSION
Infl ammation is a central component of several chronic diseases. IL-1B is an 

inducible gene that plays an important role in both infl ammation and carcino-
genesis. Th e expression of IL-1B depends on varying individual susceptibility, 
geographical location and genetic factors. Genetic polymorphisms that alter the 
levels of IL-1β may have substantial infl uence on cancer activity. In the present 
study, we focused on the distribution of the -31T>C promoter polymorphism 
of the human IL-1B gene in conventional gastric cancer, EOGC and GSC.

Th e IL-1B -31C allele is reported to be associated with higher risk of gastric 
cancer [8, 9]. Interestingly, we did not fi nd an association between the pro-
infl ammatory genotype of IL-1B -31 and predisposition to conventional or 
early onset gastric cancer. Th e role of IL-1B -31T>C polymorphism in gastric 
cancer has been variable and the literature is inconclusive. Positive associations 
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between pro-infl ammatory genotypes of IL-1B -31 and higher risk of gastric 
cancer have been previously reported in populations from Poland, Scotland 
and Mexico [8, 9, 12]. Th is is in contrast to studies in Finland [18] and Brazil 
[13] and our current fi ndings are also in line with two published meta-analyses 
about the association of IL-1B polymorphisms with gastric cancer in Caucasian 
population [3, 19]. It does appear that not all Asian or white populations have 
demonstrated a predisposition for gastric cancer in association with proinfl am-
matory IL-1 polymorphisms and in some instances, studies found that there 
was a positive association, but with novel markers of the IL-1B gene [1]. So 
far, there is no clear explanation for these confl icting results, although the rela-
tively small number of gastric cancer cases (211) included in this particular 
study may provide an explanation for the negative association between the IL-
1B marker and risk of GC. Zeng et al. [46] reported that the IL-1B genotype 
dependent risk of gastric cancer was limited to specifi c areas where the preva-
lence of gastric cancer was low. Th is hypothesis however confl icts with data 
showing an association between the IL-1B -31C allele and gastric cancer in 
Poland and Portugal, two countries both with high prevalence rates of gastric 
cancer [8, 9, 35]. Th e eff ect of diff ering genetic and environmental factors on 
diff erent populations may provide an explanation for these confl icting reports. 
Th e importance of haplotype context has been highlighted in recent literature 
where polymorphisms in metabolic genes and in CDH1 have been shown to 
act in combination with smoking, alcohol consumption and Helicobacter pylori 
infection in the development of gastric cancer [2, 17].

EOGC is a separate entity within gastric cancer and may result from diff er-
ent genetic alterations that accumulate more rapidly compared to conventional 
gastric cancer [6]. Th is is the fi rst study that investigates the pro-carcinogenic 
background of EOGC by evaluating the role of the IL-1B -31T>C polymor-
phism in predisposition to EOGC. We demonstrated that the distribution of 
the IL-1B -31T>C polymorphism is not diff erent between EOGC and the con-
trol group and that there is no diff erence between conventional gastric cancer 
and EOGC for the IL-1B -31 polymorphism. Th us once infected by H. pylori 
(which appears to occur at the same rate as in conventional gastric cancers [6]), 
the IL1-B status does not explain the increased risk of gastric cancer in these 
young patients.

An intriguing sub-type of gastric cancer is gastric stump cancer, due to its gas-
troduodenal ulcer and partial gastrectomy history and subsequent gastric cancer 
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development. It is described that gastric cancer and duodenal peptic ulcer dis-
ease are inversely associated, have distinct gastric acid secretion [10], and possess
a distinct IL-1B -31T>C genotype distribution. It is believed that subjects who 
develop duodenal ulcers are actually protected from developing gastric cancer, 
suggesting that the two outcomes are mutually exclusive [15].

Figure 1 

Result of sequencing and LightCycler analysis.

A. An example of the sequence analysis of the CC, CT, and TT IL-1B polymorphism. B. LightCycler analysis of CC, CT, and TT 
SNP genotypes at the −31 position of the promoter region of IL-1B using MGB probes. Upper panel shows the FAM-labeled 
probe, visualized at 530 nm for detection of the T allele; lower panel shows the VIC-labeled probe, visualized at 560 nm for 
detection of the C allele
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In the GSC patients, who developed peptic ulcer and gastric cancer, we 
found a statistically signifi cant diff erence in IL-1B -31T>C polymorphism 
compared to the control group, with the C allele being associated with cancer. 
Th ese fi ndings are surprising as although the patients in this unique sub-group 
have a strong history of gastroduodenal ulcer, they do not have the polymor-
phism reportedly associated with ulcers but rather have a predeliction for the C 
allele, which may explain the increased cancer risk in these patients. Although 
our gastric stump cancer group is small (30 patients), it seems that the IL-1B 
-31T>C polymorphism infl uences the prognosis of patients aft er partial gas-
trectomy. Although individuals with duodenal ulcers generally do not have 
the C polymorphism, the minority that does appear to be at risk of developing 
gastric stump cancer. Surgery removes the infl amed and H. pylori ridden an-
trum and induces acid suppression thus converting these pts from an antrum 
predominant into a corpus predominant phenotype (to some extent compara-
ble to the pharmacological acid suppression group) [22, 23]. In addition these 
patients with the C genotype are known to have an associated high IL-1B out-
put which further increases the acid suppression thus increasing their risk of 
subsequent development of gastric cancer.

Researchers have reported signifi cant associations between IL-1B promot-
er region polymorphisms and the anatomic site of the tumor and histology. 
Machado described the association between the IL-1B -31C genotype and the 
risk of distal gastric cancer in a Hispanic population [12]. We examined the 
associations between IL-1B -31T>C polymorphisms and location of the tumor 
or the histology and found no relation. Th is discrepancy is most likely due to 
study size, as in our study we have assessed a total of 241 gastric cancers, in 
contrast to the 152 and 63 used by Machado et al. and Garza-Gonzales et al. 
respectively and thus it is likely that there is no correlation between histology 
and IL1-B genotype. On the other hand, the high rate of H. pylori infection 
in countries such as Portugal may result in the IL1-B polymorphism playing 
a more important role in the development of intestinal gastric cancer in this 
particular population.

In summary, this is the fi rst study describing the role of the IL-1B -31T>C 
polymorphism in EOGC and GSC. Although EOGC appears to have a diff erent 
genetic background compared to conventional gastric cancer, we did not fi nd 
any diff erences in the IL-1B -31T>C polymorphism distribution. Interestingly, 
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our study has shown that IL-1B -31C genotype can contribute signifi cantly to 
the development of GSC.
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ABSTRACT
Gastric stump carcinoma (GSC) following remote gastric surgery is widely 

recognized as a separate entity within the group of various types of gastric can-
cer. Gastrectomy is a well established risk factor for the development of GSC 
long time aft er the initial surgery. Both exo- as well as endogenous factors 
appear to be involved in the etiopathogenesis of GSC, such as achlorhydria, 
hypogastrinemia and biliary refl ux, Epstein-Barr virus and Helicobacter pylori 
infection, atrophic gastritis, and also some polymorphisms in interleukin-1B 
and maybe COX-2.

Th is review summarises the literature data of GSC with special reference 
to reliable early diagnostics. In particular dysplasia can be considered as a de-
pendable morphological marker. Th erefore close endoscopic surveillance with 
multiple biopsies of the gastroenterostoma is recommended. Screening starting 
aft er 15 years from aft er the initial ulcer surgery can detect tumors at a cur-
able stage. Th is approach can be of special interest in Eastern European coun-
tries, where surgery for benign gastroduodenal ulcers remained a practice for 
a much longer time than in Western Europe, and therefore GSC will be found 
with higher frequency. 

INTRODUCTION
Th e fi rst partial gastrectomy with gastroduodenostomy was performed by 

Billroth in 1881 and was followed by the fi rst gastrojejunostomy three years 
later. Both procedures became known as Billroth-I and –II respectively [5]. 
Although the famous Viennese surgeon Th eodor Billroth is credited for the 
fi rst gastric resection, known as the Billroth I procedure, the less well known 
Ludwik Rydygier from Poland, performed and described the procedure several 
months earlier [47]. Particularly in Europe the Billroth-II resection became the 
most popular treatment for peptic ulcer disease until the mid 1970s [48]. Since 
then a signifi cant decrease of peptic ulcer surgery was seen due to the intro-
duction of H2-receptor antagonists [14], and later the proton pomp inhibitors 
[39]. In the early eighties the discovery of Helicobacter pylori (H pylori) [38] as 
the main cause of peptic ulcer disease further diminished the role of surgery 
in the treatment of this disease [3, 25, 31, 52, 65, 68]. Surgical treatment for 
uncomplicated peptic ulcer disease became rare, but operations for compli-
cations of peptic ulcer disease such as perforation, bleeding or gastric outlet 
obstruction are still regularly performed. Th e rise of the use of non-steroidal 
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anti-infl ammatory drugs (NSAIDs) explains part of this occurrence [20, 22, 23, 
49]. In countries of Eastern Europe the prevalence of surgery for benign gas-
troduodenal ulcers remained higher for a longer time than in Western Europe. 
In Poland for example, several thousands of complicated as well as chronic pep-
tic ulcer patients were still operated [27, 30, 58, 69], and here the introduction 
of of anti-secretory drugs occurred in the late 1980’s [26]. Nevertheless, also 
there (late) complications of peptic ulcer surgery will presumably become less 
and less important as a public health problem [54].

HISTOPATHOLOGY
Billroth antrectomy and its various modifi cations remove the part where 

the ulcer is located and that contains the gastrin producing antral mucosa re-
sponsible for the stimulation of acid production through the oxyntic mucosa. 
It also induces biliary refl ux, felt to be benefi cial for healing due to its alkaline 
contents. Th e majority of patients with peptic ulcer disease will have an antrum 
predominant H pylori gastritis [12, 55]. Th e biliary refl ux creates a microenvi-
ronment that is not suitable for H pylori and it will eradicate the microorgan-
isms from the anastomosis aft er surgery. Th e microscopy of the anastomosis 
will therefore change from the chronic active H pylori gastritis picture into that 
of the typical refl ux gastritis. Th e most important features of refl ux gastritis 
are foveolar hyperplasia, congestion, paucity of infl ammatory infi ltrate, reac-
tive epithelial change and smooth muscle fi ber proliferation. Th ese changes are 
already apparent shortly aft er the surgery, less so when a Roux-en-Y conversion 
is carried out to avoid refl ux [17, 53]. Th e picture is therefore directly related 
to the refl ux of bile, as is the eradication of H. pylori from the anastomosis. In 
the long run also other microscopical features will be encountered in the op-
erated stomach [42]. Loss of parietal cells with the subsequent disappearance 
of the chief cells will introduce an accelerated mucosal atrophy that is caused 
by the lack of the trophic hormone gastrin and the vagotomy that is mostly 
done simultaneously. Th e specialized glandular mucosa is replaced by intes-
tinal metaplasia and pseudopyloric metaplasia [13, 18, 45, 51]. Atrophy of the 
gastric mucosa may lead to vitamin B12 defi ciency. At the site of the anasto-
mosis the glands become oft en cystically dilated, and sometimes these cysti-
cally dilated glands herniate through the muscularis mucosae. Th is provides 
a nodular aspect to the anastomosis and gives rise to a microscopic picture 
known as gastritis polyposis cystica or gastritis cystica profunda [16, 34, 67]. 
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Erosions may occur as a result of compromised vasculature due to the surgery, 
but in the case of persistent ulceration aft er surgery Zollinger Ellison like syn-
dromes or a retained antrum needs consideration and these conditions are ac-
companied by high gastrin levels. Th e retained antrum is caused by a resection 
that was too limited and G-cell hyperplasia in the stretch of antral mucosa left  
behind [7, 37]. Xanthelasmas, also known as gastric xanthomas or gastric lipid 
islands, are aggregates of foamy macrophages fi lled with lipids that can be seen 
in the stomach and more oft en aft er partial gastrectomy [8, 60]. At endoscopy 
they appear as grossly visible whitish nodules or plaques, well circumscribed, 
with a size varying from 1 to 10mm in diameter [28, 46]. Th ey typically occur 
along the lesser curve [6], the so called ‘magenstrasse’ where generally refl ux is 
most severe. It is felt that these aggregates phagocytose remnants of cellular de-
bris aft er degradation due to the chemical injury and they are harmless. Th eir 
importance lies in the fact that these should not be confused with signet ring 
cell carcinoma, since the microscopy of xanthelasma can resemble signet ring 
cells. Special stains for mucin or immunohistochemistry for cytokeratins ver-
sus histiocytic macrophages makes this diff erential easy [29, 35]. Xanthelasmas 
occur more frequently in stomachs harbouring other pathologic changes such 
as chronic gastritis, atrophic gastritis and intestinal metaplasia [19, 46]. Th e 
signifi cance of these lesions still remain unknown.

PREMALIGNANT CONDITION
Th e operated stomach is a well defi ned premalignant condition. Many stud-

ies in the past have confi rmed that aft er remote partial gastrectomy there is an 
increased risk for stomach cancer, and also meta-analysis of these studies estab-
lished the increased risk [15, 36, 41, 44, 48, 62]. GSC is defi ned as a malignancy 
of the stomach occurring more than 5 years aft er the initial partial gastrectomy 
to avoid mix up of recurrences of a cancer aft er initial faulty diagnosis. Th e risk 
for stump cancer is remarkable because most of these patients suff ered from 
peptic ulcer disease prior to the surgery. Th e relation between peptic ulcer dis-
ease and gastric cancer is not fully understood. Gastric cancer and peptic ulcer 
disease are inversely associated and they are accompanied by distinct patterns 
of acid secretion [11]; by contrast gastric ulcers, non-peptic, and gastric cancer 
partly share pathophysiologic features [2, 21, 40]. Th e part of the stomach that 
is at the highest risk for gastric cancer is removed by the surgery. Neverthe-
less, with increasing postoperative interval there is a steadily increasing risk 
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for stomach cancer in the gastric remnant. Aft er more than 15-20 years post-
operatively the risk is higher than can be expected for an age- and sex-matched 
general population, and it rapidly increases thereaft er [44, 61, 62]. In line with 
the increased risk for stomach cancer, the postgastrectomy stomach also har-
bors dysplasia relatively frequently [43, 45, 50]. Th e dysplasia is typically en-
countered around the gastric anastomosis, and similarly the cancers are almost 
exclusively found there. Both the dysplasia and the cancers can be multifocal 
and extensive mapping of the mucosa with endoscopical biopsies is warranted. 
Unlike primary gastric cancer which is frequently resectable (resectability rate 
in Poland 66%), gastric stump carcinoma once detected because of symptoms is 
virtually irresectable in the majority of patients [85%; Polkowski, unpublished 
data]. In view of the increased risk surveillance of postgastrectomy patients 
has been advocated and it can indeed detect the cancers in an early and op-
erable stage [63]. Whether or not large-scale screening would be indicated is 
however questionable. In a screening programme carried out in Amsterdam 
among more than 500 patients more than 15 years postoperatively, 10 cancers 
were found, six of which turned out to be early cancers [43]. Mortality of stom-
ach cancer among these screenees was however only marginally diff erent than 
among the patients who did not participate in the screening program, aft er an 
observation period of 10 years. Moreover, a similar diff erence in mortality was 
observed in lung cancer, suggestive of selection bias among the screenees [24].

ETIOLOGY
It is thought that aft er partial gastrectomy an environment is created fa-

vourable for the development of cancer. Patients enter an accelerated neoplastic 
process due to the altered microenvironment. Th e stump carcinomas evolve 
as the end result of a  series of mutagenic cell transformations leading to step-
wise tumor progression from atrophic gastritis with metaplasia via dysplasia to 
invasive carcinoma. During tumor progression an increased proliferation and 
expansion of the proliferative compartment towards the luminal surface is ob-
served. Th is is accompanied by an increasing concomitant chance of mutations, 
since especially the proliferating cells are vulnerable for mutations. Th e biliary 
refl ux, the achlorhydria, the atrophic gastritis and the formation of N-nitroso 
compounds are considered factors that contribute to the carcinogenesis in the 
gastric stump [32, 48, 66]. It has been shown that the changes in the quantity of 
the nitrate-reducing bacteria and in the N-nitrosamine concentration depend 
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on the type of surgical intervention performed. Th e highest content of nitrate-
reducing bacteria and the N-nitrosamine concentration were found in the gas-
tric juice of patients aft er the Billroth II antrectomy, and the lowest values - in 
patients aft er highly selective vagotomy [33].

Epstein-Barr virus (EBV) positivity by RNA in situ hybridization is seen 
more oft en in carcinomas in the gastric remnant than in the intact stomach 
[70]. In contrast, H pylori is less frequently observed [1]. Interestingly, there is 
an inverse relationship between positivity for EBV and positive immunohis-
tochemistry for TP53; also LOH of 17p at the locus of TP53 is less frequently 
observed in EBV positive stump carcinomas [64]. It has been reported that the 
EBV encoded EBNA-5 protein can form a complex with TP53 and retinoblas-
toma proteins and it is conceivable that this may lead to an accelerated degrada-
tion of either one of these proteins [59].

Table 1 
IL-1B -31T>C genotype in gastric stump cancer and in conventional gastric cancer.*

Genotype of IL-1B

-31T>C**
Gastric Stump Cancer Conventional Gastric Cancer

CC 8/30 (27 %) 21/96 (22 %)
CT 19/30 (63 %) 36/96 (37 %)
TT 3/30 (10 %) 39/96 (41 %)
Presence of C allele 90 % 59 %

*Table is from Sitarz et al.[56]
**All percentages rounded to the nearest digit

Figure 1 

An example of the sequence analysis of the TT, CT and CC IL-1B polymorphism.*

*Figure is from Sitarz et al.[56]

Sitarz book.indb   137Sitarz book.indb   137 2009-09-14   09:05:122009-09-14   09:05:12



Chapter 7 The gastroenterostoma after Billroth antrectomy as a premalignant condition

138138

Apparently the relatively few peptic ulcer disease patients carrying this 
genotype are at particularly high risk for the development of stomach cancer, 
once operated. Th e surgery acts similar as pharmacologically induced acid sup-
pression, a fact that is known to lead from an antrum- to a corpus-predominant 
infl ammatory picture in the gastric mucosa.

COX-2 expression is increased in gastric stump cancer and the 765 G allele 
of COX-2 is associated with higher gastric cancer risk (Table 2 and Figure 2) 
[57]. Th ere is however no direct relationship between expression of COX-2 and 
the -765 C>G polymorphism in gastric stump cancer. Th is fi nding contrasts 
with observations in the duodenum of FAP patients where this polymorphism 
was associated with increased COX-2 expression in the normal mucosa [4].

Table 2 
Prevalence of -765G>C COX-2 genotype.*

COX-2 -765 ge-

notype**

Gastric Stump 

Cancer

Conventional Ga-

stric Cancer

Early-onset Ga-

stric Cancer
Controls

GG 23/30 (77 %) 73/96 (76 %) 80/115 (70 %) 59 (59%)
GC 5/30 (17 %) 19/96 (20 %) 33/115 (29 %) 32 (32%)
CC 2/30 (7 %) 4/96 (4 %) 2/115 (2 %) 9 (9%)
Presence of C 

allele
23 % 24 % 30 % 41 %

*Table is from Sitarz et al. [57].
**All percentages rounded to the nearest digit

Figure 2 

An example of COX-2 immunohistochemistry.*

COX-2 low staining
COX-2 high staining
*Figure is from Sitarz et al. [57].
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CONCLUSION
Partial gastrectomy for benign peptic ulcer disease is a well established pre-

malignant condition. With increasing postoperative interval since the initial 
surgery the risk steadily increases and aft er more than 15-20 years postopera-
tively gastric cancer risk is higher than that of age and sex-matched controls 
with intact stomachs. Th e surgery itself and the resulting biliary refl ux seem 
responsible for the risk. Endogenous factors such as polymorphisms in inter-
leukin-1-beta and COX-2 may contribute. EBV infection is more prevalent than 
in the intact stomach, H pylori less frequent. EBV may interact with the TP53 
gene. Stump cancer is preceded by well defi ned preinvasive precursor lesions, 
most notably dysplasia. Dysplasia can be considered a dependable morphologi-
cal marker, amenable for early detection by endoscopical surveillance.
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SUMMARY AND CONCLUDING REMARKS

Although gastric cancer incidence decreases worldwide, it is still the second 
most common cause of cancer-related death. Th e trend of steady decline in gas-
tric cancer incidence rates has been observed around the world during the last 
few decades. Th is trend is attributable to mainly the decline in intestinal type 
of gastric cancer and is observed especially in younger age groups. A change 
in incidence of adenocarcinoma of the stomach may be largely explained by 
increased standards of hygiene, improved food conservation, a high intake of 
fresh fruits and vegetables, a reduction of alcohol consumption and smoking, 
and also by Helicobacter pylori eradication.

Gastric cancer mainly aff ects older patients and typically results from 
a combination of environmental factors and an accumulation of specifi c ge-
netic alterations. In conventional gastric cancer (presenting at > 45 years of 
age) environmental factors play a more important role, compared to early on-
set gastric cancer (EOGC, presenting at ≤ 45 years of age) in which case it is 
postulated that genetic factors may be more important. Apart from cases of 
hereditary gastric cancer, it remains unclear what predisposes some patients to 
gastric cancer at such an early age.

Th e research presented in this thesis is focused on the pro-carcinogenic 
background of EOGC, conventional gastric cancer and gastric stump cancer.

In chapter 2, we review the molecular genetic pathways in early onset gas-
tric cancer, as well as familial gastric cancer, such as hereditary diff use gastric 
cancer. We postulate that EOGC has a diff erent genetic background compared 
to conventional gastric cancer. Gastric cancer presenting in individuals aged 45 
or younger with no family history is rather rare, accounting for approximately 
15% of gastric cancer cases. Additionally, only 10% of young gastric cancer 
patients have a positive family history and cancer predispositions mostly in-
volve CDH1 germline mutations. In 90% of early onset gastric cancers without 
family history the molecular mechanisms underlying gastric carcinogenesis re-
main unexplained. In this category of gastric cancer, patients more frequently 
develop diff use type of gastric cancer. EOGC is more frequently observed in 
females, than in males. It is also more oft en multifocal, than in older patients. 
Th e evidence at the clinicopathological level, as well as at the molecular-genetic 
level, supports the idea that EOGC is a unique sub-type of gastric cancer.
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In chapter 3, our attention is turned to the molecular characterization of 
eight primary gastric carcinomas, corresponding xenograft s, and two novel 
gastric carcinoma cell lines created from the xenograft s. Th e characterization 
involved analysis of methylation status by MS-MLPA, IHC for 14 markers, as 
well as TP53 and CDH1 mutations. Here we describe for the fi rst time gains of 
CASR, DAPK1 and KLK3 in primary tumors, xenograft s and gastric cancer cell 
lines. Also, we describe that losses occurred at CDKN2A (p16), CDKN2B (p15), 
CDKN1B (p27) and ATM. Except for ATM, the losses were found only in the 
cell line and xenograft s, suggesting roles in tumor progression. Because of these 
fi ndings we also examined p16 and p27 expression in gastric cancer patient ma-
terial using tissue microarrays, but no signifi cant correlation with tumor stage 
and lymph node status was found. We detected losses and hypermethylation in 
MLH1, CHFR, RASSF1 and ESR. Th is evidence was seen in primary tumors, 
xenograft s and in gastric cancer cell lines. Additionally, loss of CHFR expres-
sion correlated signifi cantly with the diff use type of gastric cancer. Xenograft s 
and gastric cancer cell lines remain invaluable research tools in the discovery of 
the multistep progression of gastric cancer.

We present a fi rst report of a relationship between COX-2 and E-cadherin 
expression in diff erent sub-types of gastric cancer in chapter 4. Th e fi rst men-
tion of a relationship between these proteins was documented in non-small cell 
lung COX-2 expression was observed. COX-2 and E-cadherin are involved in 
invasion and metastasis, leading to the hypothesis that this relationship may be 
a central element in carcinogenesis in the stomach. In this chapter we show that 
down-regulation of COX-2 by celecoxib leads to up-regulation of E-cadherin ex-
pression in conventional gastric cancer cell lines MKN45, MKN28, AGS3. In the 
EOGC cell line MKN7 E-cadherin expression was down-regulated aft er celecoxib 
treatment. Th e immunohistochemical assay performed on TMA slides showed 
no correlation between COX-2 and E-cadherin expression in the conventional 
gastric cancer patients group. In the EOGC patients there was a statistically 
signifi cant correlation between the low expression of COX-2 and low membra-
nous expression of E-cadherin in immunohistochemical staining. However, af-
ter using a binary logistic regression model to correct for histology (the EOGC 
is predominantly of the diff use type), the correlation was no longer signifi cant. 
Th e results show that COX-2 has an impact on transcriptional regulation of
E-cadherin in gastric cancer and our fi ndings further highlight the intriguing 
nature of EOGCs which appear to have a molecular phenotype distinct from 
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conventional gastric cancer. An explanation for the diff erent regulation of E-
cadherin by COX-2 in diff erent sub-types of gastric cancers remains of great 
interest. Apart from the distinction between EOGCs and conventional gastric 
cancers, our fi ndings also suggest that reduction of COX-2 using nonsteroidal 
anti-infl ammatory drugs in gastric cancer chemoprevention may only be rel-
evant for older patients.

Previously we found that COX-2 expression varies signifi cantly between 
EOGCs and conventional cancers, with overexpression occurring most oft en 
in conventional gastric cancers. Th e underlying mechanisms regulating COX-
2 expression in diff erent sub-types of gastric cancer are intriguing. Th erefore, 
in chapter 5 we explore the role of the -765 G/C promoter polymorphism in 
the COX-2 gene (known to lead to a reduction of COX-2 promoter activity 
in the colon) as a factor which has a great impact on gene transcriptional ac-
tivity. Single-nucleotide polymorphism analysis of gastric cancer cases was 
performed, including early-onset gastric cancer, conventional gastric cancer, 
gastric stump cancer, and control cases. Interestingly, no signifi cant diff erences 
were found between early-onset, conventional and gastric cancer of the stump 
with regard to the distribution of this polymorphism. Yet, this polymorphism 
is signifi cantly associated with gastric cancers in comparison to controls, al-
though it does not appear to be related directly to COX-2 expression in gastric 
cancer. Even though early-onset gastric cancers appear to have a unique COX-2 
expression pattern when compared to conventional gastric cancer or gastric 
stump cancer, the exact mechanism remains incompletely understood.

Th e molecular diff erences between EOGCs, conventional gastric cancers 
and gastric stump cancers are further highlighted in chapter 6. In this chapter 
we zoom in on the distribution of the -31T>C promoter polymorphism of the 
human IL-1β gene in conventional gastric cancer, EOGC and gastric stump 
cancer. IL-1β is an inducible gene that plays an important role in both infl am-
mation and carcinogenesis. We demonstrate that the distribution of the IL-1β 
-31T>C polymorphism is not diff erent between EOGC and the control group 
and that there is no diff erence between conventional gastric cancer and EOGC 
for the IL-1β -31 polymorphism. In the gastric stump cancer patients, who de-
veloped peptic ulcer and gastric cancer, we found a statistically signifi cant dif-
ference in the IL-1β -31T>C polymorphism compared to the control group, 
with the C allele being associated with cancer. Although our gastric stump can-
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cer group is small (30 patients), it seems that the IL-1β -31T>C polymorphism 
infl uences the prognosis of patients aft er partial gastrectomy.

Gastric stump cancer is the primary topic of chapter 7, where we discuss 
the role of gastrectomy as a risk factor for the development of gastric cancer 
long time aft er the initial surgery. We also summarize data from a thorough 
literature review of gastric stump cancer with special reference to reliable ear-
ly diagnostics. We conclude, that dysplasia can be considered a dependable 
morphological marker for early detection of gastric stump cancer. Preventive 
screening by endoscopy starting from 15 years aft er the initial ulcer surgery can 
detect tumors at a curable stage. Additionally gastric stump cancer is a separate 
entity within the group of various types of gastric cancers and it may provide 
a suitable model to study the molecular genetics of gastric carcinogenesis in 
general.

In summary, carcinogenesis follows a multistep pathway in several hu-
man epithelial malignancies. In the case of gastric carcinoma, a model path-
way, which allows accurate clinical and pathological characterization, is not 
yet completely discovered. Some gastric carcinomas progress via recognized 
histological changes (such as gastritis → metaplasia → dysplasia → invasive car-
cinoma). In others, precursor lesions are less well defi ned. During progression 
of gastric carcinogenesis, several genomic loci are aff ected and a large number 
of signalling molecules are diff erentially expressed. Gastric cancer shows het-
erogeneity in histopathology, in genomes, and also on molecular levels of gene 
expression. Establishing a detailed timeline of the molecular pathway in gastric 
cancer genesis remains a subject of ongoing research.

As this thesis has demonstrated, EOGC is unique within the gastric can-
cer family of diseases, and may result from diff erent genetic alterations that 
accumulate more rapidly compared to conventional gastric cancer, or gastric 
stump cancer. Th e environmental factors appear to be less important in the 
carcinogenesis pathway of EOGC, because of the early age of onset. Th e exact 
background of carcinogenesis in EOGCs still remains unclear. At present, a 
germline defect has yet to be discovered. Th is thesis has shown specifi c diff er-
ences between EOGC, gastric stump cancer and other types of gastric carcino-
mas. Th ese discoveries pave the way for further studies on early onset gastric 
cancer especially, as a rare sub-type of gastric cancer, which may be the most 
informative in the search for a general gastric cancer genesis pathway.
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New insights in the genetic and molecular background of gastric cancer 
has lead to a better understanding of gastric cancer and may lead to discoveries 
of novel and more eff ective diagnostic, prognostic and therapeutic methods. 
Furthermore, results of such studies will help in setting standards for diagnos-
ing individual molecular profi les of gastric cancer and subsequently providing 
individual treatment therapy, which is widely accepted as a promising way to 
battle this deadly disease.
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Hoewel de incidentie van maagkanker wereldwijd afneemt, blijft  het de 
tweede meest voorkomende oorzaak van kanker gerelateerd overlijden. De 
trend van deze afname in maag kanker incidentie wordt afgelopen decennia 
wereldwijd waargenomen en is toe te schrijven aan de afname van het intesti-
nale type maagkanker in hoofdzakelijk jongere leeft ijdsgroepen. Deze verand-
ering in incidentie van adenocarcinomen van de maag kan grotendeels verk-
laard worden door de verbeterde hygiëne en voedselconservatie, een verhoogde 
inname van vers fruit en groenten, een afname van de alcohol consumptie en 
roken en ook door het uitroeien van Helicobacter pylori.

Maagkanker komt hoofdzakelijk voor bij oudere patiënten en ontstaat 
meestal vanwege een combinatie van omgevingsfactoren en een toename van 
specifi eke genetische veranderingen. In conventionele maagcarcinomen die 
optreden in patiënten ouder dan 45 jaar spelen omgevingsfactoren een belan-
grijkere rol in vergelijking met maagcarcinomen bij patiënten jonger dan 45 
jaar, de zogenaamde “early onset gastric carcinomas” (EOGC), waarvan gepos-
tuleerd is dat genetische factoren een belangrijkere rol spelen. Afgezien van 
erfelijke maag carcinomen blijft  het onduidelijk wat het ontstaan van maagcar-
cinomen veroorzaakt op jonge leeft ijd.

Het onderzoek in dit proefschrift  is gewijd aan de pro-carcinogene achter-
grond van EOGC, conventionele maagcarcinomen en maag stomp carci-
nomen.

In hoofdstuk 2 wordt een overzicht gegeven van de bekende moleculair 
genetische mechanismen die een rol spelen bij het ontstaan van maag carci-
nomen op jonge leeft ijd zoals EOGC en familiaire maag carcinomen. We 
postuleren dat EOGC een andere achtergrond heeft  dan conventionele maag 
carcinomen. Maag carcinomen ontstaan slechts in 15% van alle gevallen bij 
patiënten jonger dan 45 jaar. Verder is in slechts 10% van deze jonge maag car-
cinomen een positieve familie geschiedenis voor maag carcinomen aanwezig. 
In deze families is meestal een kiembaan mutatie in CDH1 aanwezig die leidt 
tot het ontstaan van de maag carcinomen. In de overige 90% van de jonge maag 
carcinomen is geen familie geschiedenis bekend, in deze gevallen is het exacte 
moleculaire mechanisme dat leidt tot carcinogenese nog onbekend. In deze cat-
egorie valt wel op dat meer diff use type carcinomen gevonden worden. EOGC 
wordt vaker gezien bij vrouwen dan bij mannen en is ook vaker multifocaal in 
vergelijking met conventionele carcinomen. Bewijs op zowel clinicopatholo-
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gisch als moleculair-genetisch niveau steunt het idee dat EOGC een unieke 
categorie is binnen de maag carcinomen.

In hoofdstuk 3 is de aandacht gevestigd op de moleculaire karakterisatie 
van acht primaire maag carcinomen, de corresponderende xenograft s en twee 
daaruit verkregen maag cellijnen. De karakterisatie bestaat uit een analyse 
van de methylatie status met behulp van MS-MLPA, IHC van 14 markers en 
mutatie analyse van TP53 en CDH1. We beschrijven amplifi catie van CASR, 
DAPK1 and KLK3 in primaire tumoren, xenograft s en maag cellijnen. Verder 
beschrijven we verlies van CDKN2A (p16), CDKN2B (p15), CDKN1B (p27) en 
ATM. Behalve voor ATM zijn deze verliezen alleen in de cellijnen en de xe-
nograft s gevonden wat duidt op een rol van deze genen in tumor progressie. 
Vanwege deze resultaten is de expressie van p16 en p27 in een grotere groep 
maag carcinomen bestudeerd met behulp van een tissue microarray (TMA), 
maar er werd geen signifi cante correlatie tussen de expressie van deze eiwitten 
en tumor stadium en lymfeklier status gevonden. Hypermethylatie van MLH1, 
CHFR, RASSF1 en ESR was aangetoond in de primaire tumor, de xenograft s en 
de cellijnen. Verder correleerde verlies van CHFR expressie met het diff use type 
maagcarcinoom. Xenograft s en cellijnen blijken dus waardevolle middelen in 
het onderzoeken van de progressie van maagtumoren.

Een beschrijving van de verbanden tussen COX2 en E-cadherine expres-
sie in de verschillende subtypen van maagtumoren wordt in hoofdstuk 4 
gegeven. Een verband tussen de expressie van deze twee eiwitten is in eerste 
instantie gevonden in niet-klein-cellige longtumoren en in prostaattumor-
en; een verlies van E-cadherine correleerde met een toename van COX2 
expressie. COX2 en E-cadherine zijn beiden betrokken bij invasie en me-
tastasering, wat leidt tot de hypothese dat dit verband een centrale rol zou 
kunnen spelen bij maag carcinogenese. In dit hoofdstuk tonen we aan dat 
een verlaging van COX2 expressie door celecoxib leidt tot een verhoogde
E-cadherine expressie in conventionele maag cellijnen MKN45, MKN28 en 
AGS3. Daarentegen was in de EOGC maag cellijn MKN7 de E-cadherine ex-
pressie verlaagd na celecoxib behandeling. Een immunohistochemische assay 
uitgevoerd op Tissue Micro Array’s toonde geen verband aan tussen COX2 
en E-cadherine expressie in de groep conventionele maag carcinomen. In de 
EOGC patiënten bestond wel een signifi cant verband tussen verlaagde COX2 
expressie en verlaagde membraneuze expressie van E-cadherine. Maar deze 
correlatie verdween na analyse met een binair logistisch regressiemodel waarbij 
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gecorrigeerd wordt voor histologie (EOGC bestaat voornamelijk uit het difuse 
type). Deze resultaten tonen aan dat COX2 een rol speelt bij de transcriptionele 
regulatie van E-cadherine in maag carcinomen. Verder benadrukken deze re-
sultaten de intrigerende aard van de EOGCs die een ander moleculair fenotype 
dan de conventionele maagcarcinomen schijnen te hebben. Buiten de verschil-
len tussen de EOGCs en de conventionele maagcarcinomen suggereren onze 
resultaten ook dat een verlaging van de COX2 waarden door middel van het 
gebruik van niet-steriode anti-ontstekings middelen bij chemopreventie van 
maag carcinomen alleen interessant zou zijn bij oudere patiënten.

Recent hebben we gevonden dat COX2 expressie signifi cant verschilt tus-
sen EOGCs en conventionele maagcarcinomen; COX2 over-expressie vindt 
meestal plaats in de conventionele maagcarcinomen terwijl een lage expres-
sie wordt gevonden in EOGCs. Het mechanisme dat ten grondslag ligt aan de 
regulatie van COX2 expressie in de verschillende subtypen maagcarcinomen is 
intrigerend. Daarom is in hoofdstuk 5 de rol van het -765 G/C promoter poly-
morfi sme in het COX2 gen bestudeerd omdat dit mogelijk een factor kan zijn 
die invloed heeft  op de transcriptie activiteit van COX2. Van dit polymorfi sme 
is reeds bekend dat het leidt tot een reductie van COX2 promoter activiteit in 
het colon.

Het -765 G/C promoter polymorfi sme is geanalyseerd in EOGC, conven-
tionele maagcarcinomen, maag stomp carcinomen en in een controle groep. 
Er werd geen verschil in distributie van dit polymorfi sme gevonden tussen 
EOGC, conventionele en stomp maagcarcinomen. Echter, het polymorfi sme is 
wel signifi cant geassocieerd met de carcinomen in vergelijking met de controle 
groep alhoewel het niet direct gecorreleerd schijnt te zijn met de COX2 expres-
sie niveaus in maagcarcinomen. Hoewel de jonge maagcarcinomen een uniek 
COX2 expressie patroon hebben in vergelijking met conventionele maagcar-
cinomen en maag stomp carcinomen, blijft  het mechanisme dat hieraan ten 
grondslag ligt onduidelijk.

De moleculaire verschillen tussen EOGCs, conventionele carcinomen en 
stomp carcinomen zijn verder onderzocht in hoofdstuk 6. In dit hoofdstuk 
hebben we gekeken naar de verdeling van het -31T>C promoter polymorfi sme 
in het humane IL-1β gen in de verschillende typen maag carcinomen. IL-1β is 
een induceerbaar gen dat een belangrijke rol speelt in zowel ontsteking als car-
cinogenese. We laten zien dat de verdeling van het -31T>C promoter polymor-
fi sme niet verschilt tussen EOGC en de controle groep en dat er geen verschil 
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is tussen de conventionele maagcarcinomen en EOGC voor dit polymorfi sme. 
In de patiënten met maag stomp carcinomen, met zowel maag zweren als maag 
carcinomen, werd een statistisch signifi cant verschil gevonden in het IL-1β 
-31T>C polymorfi sme in vergelijking met de controle groep. Hierbij wordt het 
C allel geassocieerd met tumorvorming. Hoewel de maag stomp carcinomen 
groep klein is (30 patiënten), lijkt dit IL-1β -31T>C polymorfi sme de prognose 
van patiënten na gedeeltelijke gastrectomie te beïnvloeden.

Maag stomp carcinomen zijn het onderwerp van hoofdstuk 7, waar het 
risico op het ontwikkelen van maagtumoren in het achterblijvende deel van de 
maag vele jaren na een partiële maagresectie wordt besproken. We concluderen 
dat dysplasie een betrouwbare morfologische marker kan zijn voor de vroege 
detectie van maag stomp carcinomen. Preventieve screening met behulp van 
endoscopie vanaf 15 jaar na de initiële maag zweer operatie kan tumoren detec-
teren in een nog behandelbaar stadium. Verder zijn maag stomp carcinomen 
een aparte groep binnen de verschillende soorten maag carcinomen en kan het 
een geschikt model zijn om de moleculaire genetica van maag carcinogenese in 
het algemeen te bestuderen.

Concluderend, carcinogenese volgt een route die bestaat uit vele stappen. In 
het geval van maag carcinogenese bestaat nog geen compleet model dat nauw-
keurige klinische en pathologische karakterisatie mogelijk maakt. Sommige 
maag carcinomen ontstaan via bekende histologische veranderingen (zoals 
gastritis  metaplasie  dysplasie  invasief carcinoom). In andere gevallen 
zijn de eerste veranderingen minder goed bekend. Tijdens de progressie van 
maag carcinogenese zijn verschillende chromosomale gebieden aangedaan en 
een groot aantal signaal moleculen wordt anders tot expressie gebracht. Het 
vastleggen van een gedetailleerde tijdlijn van moleculaire veranderingen in 
maag carcinogenese blijft  een onderwerp van onderzoek.

Zoals dit proefschrift  heeft  aangetoond, is EOGC uniek binnen de familie 
van maag tumoren en ontstaan EOGCs waarschijnlijk vanuit verschillende ge-
netische veranderingen die sneller accumuleren in EOGC dan in conventionele 
maag carcinomen of maag stomp tumoren. Omgevingsfactoren lijken een klei-
nere rol te spelen bij het ontstaan van EOGC vanwege de jonge leeft ijd waarop 
deze tumoren ontstaan. De exacte achtergrond van EOGC carcinogenese blijft  
onduidelijk; een kiembaan mutatie in deze patiënten moet nog ontdekt wor-
den. Dit proefschrift  toont de specifi eke verschillen tussen EOGC, maag stomp 
tumoren en andere typen maag carcinomen aan. De bevindingen tonen de 
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noodzaak voor verdere studies naar EOGC aangezien dit een zeldzaam subtype 
van maag carcinomen is die de meeste informatie zou kunnen geven over het 
meerstappenplan dat leidt tot het ontstaan van maag carcinomen.

Nieuwe inzichten in de genetische en moleculaire achtergrond van maag 
carcinomen resulteren in een toegenomen begrip van maag carcinogenese en 
kunnen leiden tot nieuwe eff ectievere diagnoses en therapeutische methoden 
en verbeterde prognoses. Verder zullen de resultaten van die studies een bij-
drage leveren aan de ontwikkeling van individuele moleculaire profi elen van 
maag carcinomen wat vervolgens een individuele behandeling mogelijk maakt; 
een methode die algemeen geaccepteerd wordt als een veelbelovende manier 
om deze ziekte te bestrijden.
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